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Abstract 
As the field of robotics continues to grow outside the manufacturing environment into 

our daily lives, the interactions between humans and robots are increasingly becoming close and 
dynamic. This type of environment requires robots to be less rigid, multi-functional, safer, and 
compliant with human bodies. These interactions can involve multiple modalities of information 
transfer to achieve a fully immersive experience with virtual reality (VR), auditory, olfactory or 
haptic feedback. Such robotics interfaces are ideally suited for medical rehabilitation, elderly as-
sistance, to at-home entertainment devices. However, the traditional rigid robotic devices fail to 
address some of the design criteria posed for safety, compliance, material functionality, physical 
limitations on the mechanical design. In some particular cases, the system design and complex 
control algorithms solve the problem of active compliance, but still, the solutions are generally 
non-adaptable, heavy, and costly. 

In the case of wearable technologies, the robotic device requires high interactivity with humans 
demanding requirements in terms of- (1) material properties as lightweight, compliant, and safe 
interface and (2) interface to provide smooth communication and interaction strategies with hu-
man and robot. The traditional robotic systems are fast, accurate, and can handle large torques. 
However, they are also, application-specific and not suitable as it is for the wearable scenario due 
to the contradictory design requirements. In the past decade, soft robotics has emerged as a 
novel approach to solve the complex problems faced by rigid robots using inherent softness and 
compliant material properties. The design for the future interactive wearable interfaces thus may 
lie in the intersection of developments in the fields of wearable technology and soft robotics. 

Although it is an attractive idea to use soft materials to solve the contradictory design needs 
faced by traditional wearable robots, there are challenges in finding the right materials, designing 
actuators, sensors, and their integration to fulfill the application requirements. In addition, soft 
robotics being a recently emergent field in robotics, the existing tools in terms of materials, math-
ematical modeling, and robot design limit the applicability domain of soft robots. These problems 
are tackled through rapidly emerging functional materials, finite element analysis (FEA) of soft 
materials, manufacturing techniques like 3D printing, smart composite manufacturing (SCM), and 
laser micro-machining. By relying on structural and compliance, the properties of soft robots 
greatly reduce the load on system design and control loop as far as safety in interaction is con-
cerned. 

Designing a wearable interactive interface with soft materials for wearability, portability, cost-
effectiveness, easy customization, and modularity as per the task requirement in mind would be 
one of the ideal solutions to tackle the wearability challenge. It can be a cost-effective solution 
for at-home assistive rehabilitation or a wearable interface for entertainment with high customi-
zation. It also allows developing novel methods of soft sensing, soft actuation, development of 
control strategies, and human in loop protocols to maximize the utilization of inherent material 
properties and environment around the robotic device. 

Hence, in my Ph.D. research, I develop and create hardware and software towards an immersive 
interactive soft virtual-tactile environment focusing on the wearability, portability, easy customi-
zation, and modularity aspects. I developed a low profile soft pneumatic actuator-skin (SPA-skin) 
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with distributed sensing and actuation capabilities for testing various levels of complex vibrotac-
tile feedback: the multilayer composite of high-sensitivity PZT pressure sensors and vibratory SPA 
can produce up to 3 N output force at 0-100 Hz. This demonstrated that SPA-skin produces 
distinctive and dynamic haptic force feedback under modulated varying time, force, and spatial 
resolution.  

Furthermore, a complete framework for designing a tactile feedback skin for specific wearable 
applications is developed, starting from the material selection and actuator design and conclud-
ing with the validation of the subject’s perceived feedback. As soon as the SPA-skin is required 
to be worn by humans, the complexity of the problem multiplies due to lack of proper grounding 
to ensure the blocked forces. The platform is further optimized for application space in fMRI 
compliant environment and a user study protocol for somatosensory thresholds is designed. The 
modulable and controllable nature of SPA-skin’s tactile feedback provides much-needed valida-
tion using BOLD signals from brain imaging. 

SPA-skin, and the findings presented herein, provide a foundational platform to further investi-
gate the sensitivity of human skin and decipher mechanoreceptor reactions for a diverse range 
of human-robot interactions and wearable technologies. This design framework is also extended 
for studying the bidirectional interaction with human-in-loop VR applications. 

Keywords  
Soft Sensors, Soft Robotics, Wearable Haptics, Tactile Feedback, Virtual Tactile Reality, Soft Pneu-
matic Actuator Skin 
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Résumé 
 

Alors que le domaine de la robotique continue de s’étendre au-delà du domaine industriel dans 
notre vie quotidienne, les interactions entre l'homme et les robots deviennent de plus en plus 
étroites et dynamiques. Ce type d'environnement exige que les robots soient moins rigides, mul-
tifonctionnels, plus sûrs et compatibles avec le corps humain. Ces interactions peuvent impliquer 
de multiples modalités de transfert d'informations afin d'obtenir une expérience totalement im-
mersive avec une réalité virtuelle (VR), un retour auditif, olfactif ou haptique. Ces interfaces robo-
tiques conviennent parfaitement à la rééducation médicale, à l'assistance aux personnes âgées 
ou encore aux dispositifs de divertissement à domicile. Cependant, les dispositifs robotiques ri-
gides traditionnels ne répondent pas à certains critères de conception tels que la sécurité, la 
conformité, la fonctionnalité des matériaux et les limitations physiques de la conception méca-
nique. Dans certains cas particuliers, la conception du système et les algorithmes de contrôle 
complexes résolvent le problème de la conformité active, mais les solutions restent généralement 
non adaptables, lourdes et coûteuses.  

Dans le cas des technologies portables, le dispositif robotique nécessite une grande interactivité 
avec les humains, ce qui exige des exigences en termes de : (1) propriétés matérielles pour une 
interface légère, souple et sûre et (2) interface pour fournir une communication fluide et des 
stratégies d'interaction avec l'homme et le robot. Les systèmes robotiques traditionnels sont ra-
pides, précis et peuvent gérer des couples importants. Cependant, ils sont également spécifiques 
à une application et ne sont pas adaptés dans un scénario portable par l’humain en raison d'exi-
gences de conception contradictoires. Au cours de la dernière décennie, la robotique molle est 
apparue comme une nouvelle approche pour résoudre les problèmes complexes rencontrés par 
les robots rigides en utilisant la douceur inhérente et les propriétés des matériaux souples. La 
conception des futures interfaces portables interactives pourrait donc se situer à l'intersection 
des développements dans les domaines de la technologie portable et de la robotique molle.  

Bien que l'idée d'utiliser des matériaux souples pour résoudre les besoins de conception contra-
dictoires des robots portables traditionnels soit séduisante, il est difficile de trouver les bons ma-
tériaux, de concevoir les bons actionneurs et capteurs et de les intégrer au sein d’une même 
plateforme pour répondre aux exigences de leur application. En outre, la robotique molle étant 
un domaine récemment apparu en robotique, les outils existants en termes de matériaux, de 
modélisation mathématique et de conception de robots limitent le domaine d'application des 
robots mous. Ces problèmes sont résolus grâce à l'émergence rapide de matériaux fonctionnels, 
à l'analyse par éléments finis (FEA) des matériaux souples, aux techniques de fabrication telles 
que l'impression 3D, la fabrication de composites intelligents (SCM) et le micro-usinage au laser. 
En s'appuyant sur les propriétés structurelles et de conformité des robots mous, on réduit consi-
dérablement la charge sur la conception du système et la boucle de contrôle en ce qui concerne 
la sécurité de l'interaction.  

La conception d'une interface interactive portable avec des matériaux souples pour la portabilité, 
la rentabilité, la facilité de personnalisation et la modularité en fonction de la tâche à accomplir 
serait l'une des solutions idéales pour relever le défi de la portabilité. Il peut s'agir d'une solution 
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rentable pour la rééducation assistée à domicile ou d'une interface portable pour le divertisse-
ment avec une personnalisation élevée. Elle permet également de développer de nouvelles mé-
thodes de détection et d'actionnement souples, ainsi que des stratégies de contrôle et des pro-
tocoles humains en boucle, afin de maximiser l'utilisation des propriétés inhérentes des matériaux 
et de l'environnement du dispositif robotique.  

Par conséquent, dans le cadre de ma recherche doctorale, je développe et crée du matériel et 
des logiciels destinés à un environnement virtuel-tactile immersif et interactif en mettant l'accent 
sur les aspects de portabilité, de facilité de personnalisation et de modularité. J'ai développé une 
peau-actionneur pneumatique souple à profil bas (SPA-skin) avec des capacités de détection et 
d'actionnement distribuées pour tester différents niveaux de retour vibrotactile complexe : le 
composite multicouche de capteurs de pression PZT à haute sensibilité et de SPA vibrant peut 
produire jusqu'à 3 N de force de sortie à 0-100 Hz. Cela démontre que la peau SPA produit un 
retour de force haptique distinctif et dynamique sous une résolution modulée variable en termes 
de temps, de force et d'espace.  

En outre, j’ai développé un cadre complet pour la conception d'une peau de retour tactile pour 
des applications portables spécifiques, de la sélection des matériaux et la conception de l'action-
neur, et à la validation des valeurs perçues par les sujets pour l'application. Dès que la peau SPA 
doit être portée par des humains, la complexité du problème se multiplie en raison de l'absence 
d'une mise à la terre appropriée pour assurer les forces bloquées. La plateforme est ensuite op-
timisée pour l’utilisation dans un environnement conforme à l'IRMf et un protocole d'étude des 
utilisateurs pour les seuils somato-sensoriels est conçu. La nature modulable et contrôlable du 
retour tactile de SPA-skin fournit la validation nécessaire en utilisant les signaux BOLD de l'ima-
gerie cérébrale.  

SPA-skin et les résultats présentés dans ce document constituent une plateforme fondamentale 
pour étudier plus avant la sensibilité de la peau humaine et déchiffrer les réactions des mécano-
récepteurs pour une gamme variée d'interactions homme-robot et de technologies portables. Ce 
cadre de conception est également étendu à l'étude de l'interaction bidirectionnelle avec les ap-
plications de RV à boucle humaine.  

Mots-clés 
Capteurs souples, robotique molle, haptique portable, retour tactile, réalité tactile virtuelle, peau 
d'actionneur pneumatique souple. 
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and 5x5 sensor configurations, respectively, after training using a multi-class 
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 Introduction 
 

1.1 Background 
As the field of robotics continues to grow outside the manufacturing environment into 

our daily lives, the interactions between humans and robots are increasingly becoming dynamic 
and physical. These interactions require robots to be less rigid, multi-functional, safer, and com-
pliant to interact with human bodies. These interactions can involve multiple modalities of infor-
mation transfer to achieve an organic and fully immersive experience with virtual reality with 
visual, auditory, olfactory, or haptic feedback. Such robotics interfaces are ideally suited for ap-
plications like medical rehabilitation [1], medical technologies [2], entertainment, telepresence 
and, virtual or augmented reality [3], further blurring the borders between humans and robots 
while extending human capabilities. However, the traditional rigid robotic devices fail to address 
some of the design criteria posed for safety, compliance, material functionality, physical limita-
tions on the mechanical design. In some particular cases, the system design and complex control 
algorithms solve the problem of active compliance but still, the solutions are generally non-
adaptable, heavy and costly [4]–[7]. 

In the case of wearable technologies, where the frontiers of physical human-robot interaction 
(pHRI [4], [8]) lies, the robotic device not only requires a high level of interactivity with humans 
but also demands- (1) material properties such as light weight, compliant and safe interfacing, 
and (2) interface to provide a smooth communication and interaction strategies with human and 
robot. The traditional robotic systems are fast, accurate, and can handle large torques. However, 
they are also, application-specific and not suitable, as it is, for the wearable scenario due to the 
contradictory design requirements. In the past decade, soft robotics has emerged as a novel ap-
proach to solve the complex problems faced by rigid robots using inherent softness and compli-
ant material properties. The wearability of soft technology can further be used to improve the 
traditional haptic communication devices that provide limited wearability due to their bulky and 
rigid-form factors [9]–[11]. The design for the future interactive wearable interfaces thus may lie 
in the intersection of developments in the fields of wearable technology and soft robotics. 

Although it is an attractive idea to use soft materials to solve the contradictory design needs 
faced by traditional wearable robots, there are challenges in finding the right materials, designing 
actuators, sensors, and their integration to fulfill the application requirements. In addition, soft 
robotics being a recent field in robotics the existing tools in terms of materials, mathematical 
modeling and unconventional robot design approaches limit the applicability. Soft materials usu-
ally exhibit complex mechanical behavior due to the hyperelastic nature of the silicone materials. 
Such a behavior makes it complicated to accurately predict actuation amplitude or output 
blocked forces with analytical or linear material models. The use of finite element analysis and 
integration of sensing elements to acquire information about the actuation state is hence neces-
sary for a controlled actuation [12]–[14]. It is difficult to control distributed motions in high speed. 
A completely active approach to control is not practical. Passive characteristics of device materials 
and mechanisms should be utilized [47]. 
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Subsequently, human haptic perception, which in addition to visual and auditory feedback, plays 
a key role in understanding and exploring our local environment, needs to be well understood 
while developing such interactive interfaces. Sense of touch, haptics, has evolved as a medium of 
human-robot communication over the past few decades, where communication via haptic inter-
faces is used to deliver tactile cues for applications such as alert messages [15], [16] augmented 
feedback for sensory substitution in prosthetics [17], [18] or for the visually impaired [19]. Addi-
tionally, a versatile user interface can optimally utilize the limitations of the human sensory system 
to simplify its design: The knowhow from haptics research along with the unique challenges for 
wearable interfaces motivate to further investigate possible solutions that not only combine rich 
haptic feedback with a wearable interface but further expand their applicability and effectiveness. 

1.2 Wearable interactive interfaces: requirements and challenges 
Human haptic perception, in addition to visual and auditory feedback, plays a key role in under-
standing and exploring our local environment [1]. Desktop-scale haptic devices specifically ded-
icated to providing tactile stimulation have proven their efficacy in various applications [1]–[3]. 
More compact vibratory haptic actuators have been integrated into the system for human-ma-
chine interactions such as, car steering wheels, and joysticks [5],[6]; However, these implementa-
tions provide limited physical feedback such as in mobile phones and joysticks that can mainly 
modulate its frequency. Furthermore, this frequency and amplitude modulation are not feedback-
controlled. The recent advances in linear resonant actuator (LRA) based and voice coil based 
actuation are able to generate the much-needed finer control over modulation for a range of 
frequencies. Even though in most of the cases open-loop operation of tactile actuators is suffi-
cient to provide basic tactile feedback cues, for wearable technology to have accurate physical 
feedback to the wearer, it needs to be like any other robotic device, produce feedback-controlled 
actuation. As such, the requirements for wearable devices, which include adaptability and con-
formability to the body of a human wearer, extend to the haptic technology itself. Existing haptic 
technologies, however, do not meet the physical requirements necessary to achieve these de-
manding characteristics. These unique requirements and challenges posed for the wearable in-
teractive interfaces can be summarized as below (Figure 1.1): 

 

 

 
Figure 1:1 General requirements and challenges towards designing wearable interactive interfaces. 

 

Physical interface: Interfaces that are conformably interacting with human skin should be made 
of thin elastic materials that have moduli similar to skin, 0.3 - 2 MPa [10],[21]–[24]. This way, the 
interface can conform to the body. They shall still be able to operate over a wide frequency range 
(10 - 400 Hz) and forces up to 1 N [27]. Currently available tactile feedback devices primarily rely 
on rigid piezoelectric elements or electromechanical eccentric mass motors.[4],[6] Compliant actu-
ators can be developed with elastomeric materials such as soft silicones that have elastic moduli 
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similar to human skin [23], [24], [26]. The softness and compliance of the soft robotic systems 
have been useful in many wearable applications ranging from assistive technologies, medical 
rehabilitation to entertainment.[11], [28]–[32]. Vibrotactile displays using electro-active polymer 
(EAP) based soft actuators have tackled many of the challenges associated with conventional, 
rigid vibrotactile devices, but provide limited wearability as they require high-voltages [33]–[36]. 
Soft material-based pneumatic actuators, composed of elastically inflatable fluidic chambers, 
have demonstrated their benefits in robotic applications through large-scale deformation and 
high compliance, and have the potential to be adapted for wearable haptic applications [13], 
[37]–[43]. However, the pneumatically powered actuators though are suitable for wearable sys-
tems, have a limitation due to the requirement of external pump that limits the portability. 

At the same time, as the most commonly used vibration motors function by exploiting the reso-
nance of the vibration motor, so their output bandwidth is limited around the resonant actuation 
frequency of 10 Hz centered around 120 - 250 Hz. That had resulted in limited work has been 
done for interfaces at relatively low frequencies (in the range 10 to 100 Hz) [44]. One reason for 
this is while voice coil actuators can be used to meet this requirement, they suffer from their bulky 
size and hence limited wearability of the system [45]. Furthermore, there is no available tactile 
platform with integrated sensors to modulate actuation force, frequency, and stimulation pattern 
accurately, which limits the quantitative measurement of the stimulation parameters in this range. 
These all challenges and requirements get further stringent with electromagnetic interference or 
compliance (EMI/EMC) rules when the interfaces need to be functional in fMRI or BMI environ-
ment. 

Control environment: Wearable haptic devices need to ensure that the force imparted on the 
wearer is consistent with respect to the perceived performance: this depends on how the interface 
fits and moves with the body. The effective tactile feedback also requires accurate and coherent 
force transfer from the actuator to the wearer regardless of the external loading or manufacturing 
variations. This requires embedded sensing of the actuator state and corresponding corrective 
measures through closed-loop control. There has been significant development in entirely soft 
and stretchable physical sensors to measure crucial parameters as strain and pressure are expe-
rienced.[28], [30], [46]–[49] Advanced manufacturing technologies like soft 3D printing have com-
bined soft sensing within soft actuation.[50] Such integration of soft sensing with soft actuation 
creates the possibility of closed-loop control, which is essential to adapt to the external loading 
conditions suitable for wearable scenarios. The use of a distributed network of localized sensors 
cannot only correct for actuation but also helps to understand the surrounding environment for 
a better model of the world for the robot. However, no wearable haptic device has demonstrated 
closed-loop control capabilities with embedded sensing. It has been particularly difficult to de-
sign soft stretchable sensors, which can perform under high strains and high strain rates needed 
for state estimation of high-speed vibratory actuation. 

Extending further toward applications in virtual reality, the control environment needs an under-
standing of the state of the human body in virtual for the robotic interface to generate respective 
audio, visual or tactile feedback. Special care needs to be taken in system design and integration 
to enable zero latency while providing corresponding tactile feedback through a lower-level con-
trol system for seamless human-robot interaction.  

Human-in-loop considerations: To have effective communication via human skin, the limita-
tions of human somatosensory perception beyond mechanical grounding, play a key role in de-
termining how much information can be transferred. These have been studied by delivering 
bursts of vibration onto the forearm using an array of actuators [9], [10], [44]. Notably, the vi-
brotactile sensitivity and localization thresholds of the non-glabrous skin of the forearm have 
been measured along the entire forearm, from elbow to wrist, using seven equally-spaced piezo 
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ceramic tactors [10]. The haptic perception is responsive over a range of 20 to 400 Hz, with de-
creasing skin sensitivity at higher frequencies [51]. In this range, we have two major mechano-
receptors, the rapidly accelerating type –I (RA-I), the Meissner corpuscles and rapidly accelerating 
type–II (RA-II), the Pacinian corpuscles that are responsible for the perception of tactile feedback. 
The RA-I type mechano-receptors offer high localization sensitivity as they are located just below 
the surface of the skin, whereas RA-II type mechano-receptors, targeted by most vibratory tactile 
interfaces, have low localization sensitivity and higher amplitude sensitivity [10], [52]. This differ-
ence in the mechanical properties of mechano receptors make their study interesting and im-
portant for the development of a stimulation-rich tactile feedback platform. Such displays shall 
also cater for the two-point threshold detection and distribution density of as high as possible 
for stimulation points, ranging from 2 mm for a fingertip to 18 mm at the forearm, respectively. 
To better adapt this for future tactile displays, we not only need a test platform but also human-
in-loop testing protocols that can quantify the somatosensory thresholds of actuation amplitude, 
traveling wave delay, and the frequency difference perceived by real human skin, particularly in 
its most sensitive range, 10-100 Hz.  

Finally, the way humans perceive a physical object is a mix of six different properties associated 
with the object namely: rough texture, fine texture, lateral friction, size, temperature, or weight 
[7–9]. To successfully recreate a realistic feeling of touch, a tactile feedback device should be able 
to integrate more than one of these multi-modal sensations [9]. Researchers have characterized, 
modeled and rendered tactile properties such as surface texture and hardness on tabletop inter-
faces [7,8,10]. It is particularly challenging to develop a wearable tactile-feedback device able to 
generate for example: texture feedback, as this requires delivering a wide range of actuation fre-
quencies. Recent technological efforts in wearable prototypes relied heavily on the use of vi-
brotactile electromechanical actuators; however, their localization capability and the range of ac-
tuation frequencies remain restricted. The use of voice coil actuators at the fingertips [11–13] or 
the proximal phalanges [14] helped to improve the actuation range; however, this actuator solu-
tion is impractical in terms of size and weight needed to achieve a reasonable spatial resolution. 
Dielectric elastomer actuator (DEA) – based haptic devices combined with a wearable platform 
supply the much-needed mechanical compliance with human skin [15,16]. However, they have a 
high voltage requirement and provide limited actuation forces in the range of 0.3 - 0.6N.  

In conclusion, existing solutions for haptic feedback are compelling for a defined range of fre-
quencies and forces in the present format of a tabletop or for a few wearable platforms. However, 
currently, there is no comprehensive solution or design that allows rendering a rich set of tactile 
feedback and verify the effectiveness of this physical feedback, especially in a wearable format. 
In fact, what is lacking is a low-profile platform, mechanically transparent, capable of 
providing high fidelity tactile feedback. 
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1.3 Thesis statement 
Today's robots need to be and are becoming increasingly aware of the environment including 
the presence of humans around them. Bringing robots into direct contact with humans requires 
them to be inherently safe and compliant during the interaction. Especially in wearable robotic 
devices, the interactivity between humans and robots is significantly higher. To create an inter-
active wearable robotic interface, two challenges need to be addressed: (1) wearable technology 
that is safe, lightweight, and compliant in actuation and (2) augmented interactivity through dif-
ferent modes of interaction with humans. 

Recent research efforts on novel materials and soft actuation mechanisms show a promising fu-
ture for using soft robotics in wearable devices. Soft robots have provided preliminary solutions 
in safety, customisability, and simple control desired by any wearable system. However, fully in-
tegrated solutions for such applications are yet to be realized. The second challenge is achieving 
augmented interactivity through different modes of interaction with humans. These interactions 
can be multi-modal for a fully immersive experience through visual, auditory, and haptic feed-
back. This requires further integration of tactile interfaces and virtual reality with the soft wearable 
interfaces to achieve an intuitive, immersive, and safe interface for the user. Therefore, under-
standing developments in tactile interfaces, virtual reality components, and their integration with 
soft wearable technology becomes crucial. 

In this thesis, we focus on the goal of creating hardware and software technologies towards an 
immersive interactive soft virtual-tactile environment by considering wearability, portability, easy 
customization, and modularity properties. This would be a cost-effective solution for applications 
in home assistive rehabilitation, haptics research, and a plug-n-play wearable interface for enter-
tainment with high customization. The development of novel soft sensors, soft actuators for such 
wearable interfaces will allow validation of capabilities of soft robotic interfaces and provide re-
search opportunities for unconventional system design, prototyping techniques, and control 
method development approaches. Further, the platform will be a pivotal tool to develop and 
explore the human-in-loop feedback and somatosensory considerations for optimal haptics. 

This dissertation attempts to tackle these challenges of wearable interfaces for human-robot in-
teraction with the following key questions: 

How can we match the mechanical compliance of a robotic device with human body for 
wearable and dynamic feedback?  

A wearable interface facilitates humans and robots being physically coupled and moving to-
gether to achieve a final common goal. This by nature requires a lightweight, low-profile, me-
chanically transparent mechanism that can impart a wide range of actuation stimuli to convey 
tactile information. The robotic interface shall also have a proper mechanical grounding, ideally 
mechanical impedance similar to that of human skin with elasticity moduli 0.3 - 2 MPa[12], [23]–
[26] for maximum compliance. We address this by investigating and developing novel soft ma-
terial-based sensors and actuators, specifically soft pneumatic actuators (SPAs). SPAs, character-
ized by their inflatable, low-weight silicone rubber membranes, and their innate environmental 
compliance,[1−3] play a major role in the soft robotics field. Diverse applications of SPAs already 
exist, including biomimetic systems [7−12] showing versatile locomotion [7,9,11,13] and grasping 
capabilities,[1,11,12,14] surgical tools,[15] limb exoskeletons,[16] and devices for muscle rehabil-
itation in hands.[17] Although the scalability, customizability, and diversity of SPAs are widely 
recognized,[18−20] comprehensive techniques for designing, modeling, and fabricating soft ac-
tuators are not yet in place. Our goal here is to achieve a low-profile, customizable SPA design 
that is capable of providing dynamic tactile feedback in the range of 10-400 Hz and force range 
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of 0.1-1 N where human skin is most receptive [27]. We achieve this goal with a soft silicone-
based skin-like SPA design with submillimetre thickness, fabricated with layer-by-layer manufac-
turing. Similarly, compliance matching for transparent wearability shall allow for a wearable in-
terface to be coupled with human body without any hindrance in range of motion or accumulated 
stresses. A more systematic metric and measurement protocol shall be developed to quantify the 
wearable system’s performance. We focused on achieving this using intrinsic compliance match-
ing of the wearable interface with materials that behave similar to human skin (0.5-2 MPa) and 
are low profile (1-2 mm) in form factor. 

The soft materials may be compliant but exhibit a complex mechanical behavior due to their 
hyperelastic nature. Accurately predicting the output blocked forces, as well as facilitating simu-
lation-based iterative design, is challenging with the traditional analytical modeling approach. 
We develop a finite element analysis-based modeling tool to investigate the SPA design as well 
as investigate additional distributed sensing to enable controlled feedback and mitigate the non-
linearity through intelligent control algorithms. The addition of an extra sensing layer will not 
only enable controlled feedback but also dampens manufacturing defects. This additional sensing 
layer requires the sensing elements to be ultra-thin, flexible, customizable, and to be distributed 
over the surface. We further investigate the trade-off between cost, design customization, 
stretchability, sensitivity, and non-linearity for sensor selection and integration with the SPA layer. 
We also investigate different shapes, materials, and configurations in terms of nxn array to 
achieve a high-density distributed bi-directional soft skin-like interface for vibrotactile feedback.  

 

How do we ‘model’ for a multimodal system that has multiple physical parameters? 

For an ideal human-robot interaction, the physical experience need not be limited to a single 
stimulation [1], [53]. This requires a dynamic interface that allows for intuitive information transfer 
between user environment and virtual environment using visual, aural, haptic, or even olfactory 
feedback to enable an immersive experience (Figure 1:2). The challenge here is to achieve aug-
mented interactivity through these different modalities. This requires the integration of tactile 
interfaces and virtual reality components in the design framework of the soft wearable interface. 

The user environment consisting of both the human body and the robotic platform has to have 
components that enable a bidirectional interaction translation between their respective virtual 
and physical representations (Figure 1:2). These components shall be coherent in translating the 
physical properties to an equivalent digital entity and vice-versa. We investigate design method-
ologies and process flow while keeping modularity and adaptive nature of physical hardware 
as well as the control environment to integrate with other virtual reality modes. This allows the 
control environment to be functional across different application requirements and to integrate 
various sensing, actuation, and control elements at the hardware and software level. A well-known 
consensus about multi-modal nature of interaction converge up to three modes of information 
simultaneously, more than that negatively hampers the user involvement, as studied but not lim-
ited for the field of robotic-rehabilitation [1]. Hence, it is also critical develop a structured frame-
work considering an information theoretic approach to measure the effectiveness of performance 
with multimodal human-robot interface bandwidth. 

We further developed system models and control algorithms to distinguish the environmental 
interactions, while keeping the low-level closed-loop control capabilities. Similarly, machine 
learning-based algorithms are explored to reduce the number of wires in distributed sensing with 
a reconfigurable localization. To help in improving the design preselection before fabrication as 
well as the forward kinematics for feedback control, material characterization and FEA-based 
SPA-design tools are developed. 
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Figure 1:2 Human to robot interaction interface, and virtual physical user environment interaction interface 

Finally, the multi-modal nature of the feeling of touch itself needs to be explored for the gener-
ation of a realistic and rich sensation through understanding the possible ways to recreate the 
haptic sensations like texture, size, and shape of an object. Specifically, for a wearable scenario 
where proper mechanical grounding and generation of a wide range of stimulation is a challenge. 
Most available wearable devices are limited to a single tactile mode, we attempt to integrate 
multiple tactile sensations to study the possibility of such a design and overall benefits.  

How can we close the tactile virtual reality loop with human feedback? 

It is essential to understand the human factors affecting the effectiveness of the feedback deliv-
ery, to help to optimize the tactile interfaces further and decide on the interface design paradigm. 
One way to close the loop with humans is through human-centric interface design that enables 
discovering the human cognitive and somatosensory thresholds that will be guidelines to device 
future interfaces. These thresholds will be a key data point to determine the mechanical perfor-
mance requirement as well as to tune the tactile interface further to better match the expected 
feedback. The sensory thresholds like minimum amplitude (or force) detected over a range of 
actuation frequencies, the two-point threshold to determine the minimum distance between ad-
jacent actuators and the maximum rate at which the information can be transferred to the device 
are a few of the important design parameters. Meanwhile, the available tactile feedback devices 
have mainly relied on electromagnetic components, even the ones used in understanding the 
nature of somatosensory feedbacks; this has been a limiting factor for actuation range in 100-
350 Hz. While voice coil actuators can be used to meet this requirement, they suffer from their 
bulky size and hence limited wearability of the system [45]. However, there is no available tactile 
platform with integrated sensors to modulate actuation force, frequency, and stimulation pattern 
accurately, which limits the quantitative measurement of the stimulation parameters. 

Similarly, we not only need to qualitatively measure the effectiveness of tactile feedback given to 
the body with user feedback, but the methods like fMRI imaging allow us to record a respective 
tactile stimulation in the sensory-motor cortex area of the brain and then use this information to 
tune the feedback modes. Specifically, we benefit from the use of soft silicone-based materials 



Introduction 

32 

and pneumatic actuation that can be used in fMRI or brain-machine interface (BMI) environments. 
This makes SPA-skin an ideal platform to expand the horizons of studying the human brain 
through novel high-fidelity tactile feedback cues derived based on stimulation duration, location, 
actuation level, and stimulation frequency. This also invites close collaboration between research-
ers in neuroimaging and roboticists to develop user studies and protocol designs for qualitative 
and quantitative measurement of somatosensory thresholds using fMRI and soft interactive dis-
play.  

The modular, adaptive and highly configurable nature of the soft actuator skin interface helps in 
developing a plug-n-play platform to extend the capabilities of VR platforms, brain-machine in-
terface, or fMRI imagining applications through a wearable interactive display array and a porta-
ble augmented feedback device. 

The main contributions of this thesis hence can be summarized as: 
1. Design and development of a novel soft pneumatic actuator (SPA)-skin interface. 

The SPA-skin acts as a single bi-directional input-output platform with distributed sens-
ing and actuation capabilities, generating a wide range of tactile feedback at a variety of 
frequencies. 

2. Modeling, characterization and closed-loop control of SPAs with integrated sens-
ing. The dynamic performance characterization of SPA conducted to optimize the design 
geometry, material selection, and prediction of expected force/amplitude using Finite 
Element Analysis tool. Similarly, presenting an integrated low latency, high-speed control 
environment for virtual reality interactions to provide an immersive experience. 

3. Portable pneumatic control system and soft valve design. The pneumatic flow control 
system and peripheral components, including tubing, valves, pressure regulator and con-
troller inputs are optimized for the given application force and tubing length require-
ments to achieve maximum fidelity and portability. 

4. Validation of SPA-skin as a versatile wearable platform with human-in-loop system 
design. Study of diverse vibrotactile feedback and protocol development to obtain var-
ious human somatosensory thresholds using brain-machine interface and fMRI in 10-100 
Hz range. 
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1.4 Thesis Outline  
In my PhD research, I develop and create hardware and software technologies towards an im-
mersive interactive soft virtual-tactile environment focusing on the wearability, portability, 
easy customization and modularity aspects (Figure 1:3).  

 

Figure 1:3 Development framework of soft robotic technologies and core science for immersive human-
machine interactive environments. 

In the following chapters, I discuss the design of soft wearable tactile transducers (Chapter 2), 
control strategies for soft interactive interfaces (Chapter 3), system-level integration (Chapter 4), 
work towards human-in-loop tactile feedback design (Chapter 5), and conclusions and outlook 
(Chapter 6).  

In Chapter 2, I first describe my work in creating soft pneumatic actuators aimed towards an 
intimate human-robot interaction, and sensors for tactile interaction. The integration of these 
two types of transducers to create a novel low-profile soft pneumatic actuator-skin (SPA-skin) 
with distributed sensing and actuation is then presented, with details on design selection, mate-
rial characterization, and dynamic performance characterization. Lastly, I discuss Modeling as-
pects of the SPA design using FEA tools aimed at improving the actuator performance and opti-
mizing actuator design for different applications. 

 In Chapter 3, the control strategies for soft interactive interfaces are presented. I present first the 
potential to use piezoelectric transducers as an embedded sensing mechanism in the SPA-skin, 
given their desirable high-frequency responsiveness. Following this, I discuss the considerations 
for using soft sensors for an entirely soft SPA-skin. Finally, I present work on generating virtual 
environments for incorporating multimodal haptic feedback in a wearable system. 
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In Chapter 4, the system integration of the wearable tactile array is presented. I first discuss the 
SPA-skins tactile array design, material selection, characterization, and control. A mesoscale valve 
for pneumatic control and a discussion of the pneumatic flow path optimization is then discussed; 
Finally, I describe the peripheral interfaces for creating a fully port-able system compatible with 
fMRI environments for the future human-in-loop studies. 

In Chapter 5, I discuss my work on using the SPA-skin as a platform for exploring human-in-loop 
tactile feedback design. I present work on using an SPA-skin to study the effect of stochastic 
resonance on proprioception. I then discuss work on using SPA-skins to characterize human so-
matosensory thresholds. This includes work on observing brain activity as a function of tactile 
feedback using functional magnetic resonance imaging (fMRI), a challenging environment due 
to its electromagnetic interference compliance greatly constraining the material selection. 

In Chapter 6, I summarize the work presented in this thesis and discuss their impact on the field 
of wearable interactive interfaces and beyond. Lastly, I discuss potential avenues of future work 
in this field. 
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 Soft wearable interfaces: de-
sign, characterization, and Modeling  
 

2.1 Introduction 
The latest wearable technologies1 demand more intuitive and sophisticated interfaces for com-
munication, sensing, and feedback closer to the body. Such interfaces require flexibility and con-
formity without losing their functionality even on rigid surfaces. Although there have been various 
research efforts in creating tactile feedback to improve various haptic interfaces and master-slave 
manipulators, we are yet to see a comprehensive device that can both supply vibratory actuation 
and tactile sensing. Haptic feedback is generally divided into two classes – namely tactile and 
kinesthetic. The devices required for providing kinesthetic feedback are comparatively large and 
heavy [59]–[62] and thus less suitable for a wearable scenario. In wearable devices, vibrotactile 
feedback is considered as one of the safest and most popular ways to interact with the human 
body [27], [63].  

The currently available wearable haptic interfaces mainly rely on producing feedback using elec-
tromechanical components, specifically using an eccentric mass motors that has resonance fre-
quency centred around 120-250 Hz [4],[6]. They are compact in form factor but provide a limited 
wearability owing to their heavy and rigid structure (Table 2:1) . Furthermore, the tactile feedback 
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[55] H. A. Sonar, A. P. Gerratt, S. P. Lacour, and J. Paik, “Closed-loop haptic feedback control using a self-sensing soft pneumatic 
actuator skin,” Soft Robotics, vol. 7, no. 1, pp. 22–29, 2020. 
[56] H. A. Sonar, M. C. Yuen, R. Kramer-Bottiglio, and J. Paik,IEEE International Conference on Soft Robotic, pp. 170–175, 2018. 
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production of the article. 
[42] J. Shintake, H. A. Sonar, E. Piskarev, J. Paik, and D. Floreano, “Soft pneumatic gelatin actuator for edible robotics,” in 2017 
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collected the data for plots. The first author wrote manuscript and had the initial idea. We jointly reviewed the manuscript and 
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[57] P. Moseley, J. M. Florez, H. A. Sonar, G. Agarwal, W. Curtin, and J. Paik, “Modeling, Design, and Development of Soft Pneu-
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terisation in close collaboration with the first two authors towards realising the spa-design-tool and the datasets needed for this work. Dr. 
Philip Moseley and Dr. Juan Florez jointly first authors of this work, lead the research work and writing of the manuscript. Since 2016, I am 
also actively maintaining the repository for the toolkit online and responsible for replying the queries of researchers using the 
toolkit. 
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is limited in bandwidth due to mechanical resonance; the linear resonant actuators provide better 
control over actuation bandwidth but are still limited in wearability due to rigid form factor [64]. 

 

 

 

Table 2:1: Comparison of off-the-shelf electromechanical tactile feedback actuators with SPA-skin prototype 

An ideal device for wearable tactile interfaces should be lightweight, compliant, safe, and incor-
porate multiple sensing and actuation points over a distributed surface. Such a conformable in-
terface to interact with human skin with maximum compliance, should be made of thin elastic 
materials that have moduli similar to skin, 0.3 - 2 MPa [12], [23]–[26]. This way, the interface can 
conform to the body and deliver a wide frequency range (1 - 400 Hz) and forces up to 1 N, as 
required by human proprioception [27]. While, available tactile feedback devices primarily rely on 
rigid piezoelectric elements or electromechanical eccentric mass motors; compliant actuators can 
be developed with elastomeric materials such as soft silicones that have elastic moduli similar to 
human skin [23], [24], [26].  

The softness and compliance of the soft robotic systems have been helpful in many wearable applications 
ranging from assistive technologies, medical rehabilitation to entertainment [11], [28]–[32]. Vibrotactile dis-
plays using electro-active polymer (EAP) or dielectric elastomeric actuators (DEA) based soft actuators have 
tackled many of the challenges associated with conventional, rigid vibrotactile devices but so far provide 
limited wearability as they require high-voltages [33], [34], [65], [65], [66] (Figure 2:1). The recent develop-
ment in zipped hydraulic HAXEL have been able to encompass a multi-modal feedback with a high band-
width actuation [65]. Soft material-based pneumatic actuators, composed of elastically inflatable fluidic 
chambers, have demonstrated their benefits in robotic applications through large-scale deformation and 
high compliance and have the potential to be adapted for wearable haptic applications [13], [37]–[43]. How-
ever, the significant shortcomings for the pneumatically powered actuators are the size of the power supply 
and tube length limiting the bandwidth for the high frequency of actuation, which we separately address in 
Chapter 4. 

 

 
C2 Haptuator Tactaid ERM   

pancake 
ERM    cyl-

inder 
SPA-skin    

Min. Size Φ: 30 
mm h: 
8mm 

Φ : 14 mm  
h: 29 mm 

w: 18.5 mm 
d: 25.4 mm  

h:10 mm 

Φ : 10 mm 
h:  3.6 mm 

Φ : 8.8 mm 
h:  25 mm 

Φ : 6 mm     
h: 1-2 mm 

Frequency 250 Hz 50 Hz 250 Hz 175 Hz 225 Hz 0-100Hz 

Weight 17 g 15 g 6.5 g 2 g 4.6 g 2g (with   
sensors) 
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Figure 2:2: State of art technologies using novel soft material based novel actuation mechanisms for 
wearable tactile feedback. (A) Shape memory polymer based high-density tactile display[67] (B) Shape 
memory alloy based wearable finger-tip haptic device[68]. (C) Soft pneumatic actuator based haptic glove 
for at home rehabilitation [69]. (D, E) DEA/EAP based wearable haptic feedback devices [66], [70]. The use 
of stiff pillar in the middle of DEA film allow for high force generation around resonant frequency in (E). 
(F)Haxel, uses hydraulically amplified zipping electrostatic actuation for EAP filled with a dielectric liquid for 
high-bandwidth, multimodal tactile feedback. [65] 

In this chapter, we introduce the concept of a low-profile soft pneumatic actuator (SPA) based 
skin-like interface to tackle these challenges. The SPA-skin prototype allows for bidirectional tac-
tile feedback for an intuitive and responsive wearable interface. We describe the design and fab-
rication of the first version of SPA-skin integrated with piezoelectric sensors. The integrated sens-
ing facilitate for better understanding of external environment on the robot side for producing 
an adaptive and coherent tactile feedback. The sensor-actuator integrated SPA-skin is character-
ized for system identification and understanding the ability of this new interface for a covering 
range of human haptic sensations. The PZT based sensing layer is suitable for active distributed 
sensing but is not entirely soft and can only detect dynamic interactions. To tackle this, we de-
velop another SPA-skin design with an entirely soft monolithic design using liquid metal mean-
ders as sensing elements. We examine in detail the mechanical performance compared to the 
SPA model and the sensitivity of the sensors in both cases for the application in vibrotactile feed-
back.  

The integration of sensing and actuation in SPA-skin paves the path for a more sophisticated 
tactile feedback actuation through closing the loop with the sensor layer. To enable this, we thor-
oughly characterize the sensor, SPA and integrated system performance for both static and dy-
namic behaviors. The system identification and robust performance metrics obtained in chapter 
2 help in further development of more sophisticated control algorithms to provide a coherent 
tactile feedback over a broad range of actuation frequency and also, to integrate the SPA-skin 
with multimodal interactive control environment in chapter 3.  

The SPA and soft sensing technologies are further extended to more environmentally friendly 
edible SPA development as well as developing pressure localizing soft sensor skin to cover inter-
active surfaces in section 2.4. Use of gelatin based SPA design allow to demonstrate the flexibility 
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and application of soft pneumatic actuator fabrication methods with a new material that is bio-
degradable, repairable and provide comparable performance as that of silicone actuators. Fol-
lowed this, the sensing abilities of wearable interfaces were explored with a novel distributed 
sensing scheme using capacitive soft foam as discussed in section 2.4. The latest advances in 
machine learning classification were used that demonstrated a novel way to use only 2 measure-
ment points for n sensing locations leaving the need for individual physical address lines.  

SPA-skin design while focused on compliance, wearability and integrated sensing, it critical also 
to optimize the actuator design for performance requirements. In section 2.5, we focused on 
developing a design optimization tool for soft material based actuators, which owing to their 
high-strain inflation and hyper-elastic nature of soft materials are complex to model. We devel-
oped a finite element analysis based Modeling tool kit to better predict the feasible designs for 
variation in material selection, required output blocked forces, and operational constraints. We 
further discuss how the FEA based Modeling is used and experimentally validated not only for 
traditional bending or linear chambered SPAs but also for the SPA skin, resulting in a ring shape 
actuator for optimal bandwidth and inflation profile in section 2.5.  

2.2 A novel soft pneumatic actuator - skin with distributed sensing  
 
The human tactile sensory response is scattered in frequency range, and both temporal and spa-
tial resolution making the determination of the vibrotactile actuator’s specifications difficult. In 
general, tactile sensation is perceived through four different types of mechanoreceptors inside 
human skin. The mechanoreceptors responsible for vibrotactile sensation are the rapidly adapt-
ing (RA) and pacinian corpuscle (PC) receptors with perceptible frequencies ranging from 3 to 
100 Hz and 100 to 400 Hz, respectively [27]. Therefore for effective tactile sensing the operational 
frequency range is selected between one of the two along with a minimum spatial resolution of 
1 - 2 mm for human fingers [71], [72].  

We propose a soft pneumatic actuator (SPA) based skin-like interface to tackle the problem of 
compliant actuation requirements through its thin, lightweight, easily customizable and compli-
ant design [73]. The design uses soft silicone-based 2D monolithic manufacturing to achieve 
pneumatic vibrotactile actuation with the desired properties. The addition of an extra sensing 
layer over the SPA-skin enables closed-loop control of the actuation amplitude and dampens 
manufacturing defects. This additional sensing layer requires the sensing elements to be ultra-
thin, flexible, customizable, and to be distributed over the surface. Recent developments in wear-
able sensor technology have made it possible to embed piezoelectric element-based sensors 
[74], conductive fabrics, electro-active polymers [75], [76], and other families of stretchable and 
flexible sensors [77], [78] into soft silicone. The sensor selection has a trade-off between cost, 
design customization, stretchability, sensitivity, and nonlinearity. We selected piezo ceramic (PZT) 
sensors due to their high sensitivity, low cost, and customizability while losing on stretchability 
properties for integration into the SPA-skin. Multiple PZT sensors can be distributed over the 
actuation surface to provide multiple points for sensing. To demonstrate the benefit of the SPA-
skin design we developed a circular shaped multi-actuator SPA-skin for application on human 
fingertips. A similar construction could be adopted for other vibrotactile feedback applications.  
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2.2.1 SPA-skin design 

The SPA-skin is a thin wearable device that contains sensor-embedded pneumatic actuators with 
multiple actuation points for vibrotactile feedback, as shown in Figure 2:1. Since it is made of 
silicone, the SPA-skin’s overall material property is dictated by the pliant silicone. It is lightweight, 
inherently compliant, and highly customizable, therefore, could cover wide and curvy surfaces 
(Figure 2:1(C)). These characteristics make the SPA-skin ideal as a wearable device covering various 
parts of the human body. Further, we used Dragon Skin 30 silicone to make SPA skin for a med-
ically safe (Smooth On Inc. 2015) and compliant interface with human skin. In this Section, we 
explain the design and fabrication process of SPA-skin (actuation layer), PZT sensing layer and 
their integration.  

 

 

Figure 2:3The construction of the SPA-skin with integrated PZT sensors. The schematic of the multi-
layer construction of SPA-skin (A). The prototype shows three sensor pixels for independent measurement 
(B). Functional SPA-skin prototype on a curvy surface (C). The three 4 mm diameter vibratory actuators gen-
erate 0.8 - 1 mm vertical amplitude range (D).  

Actuator design: The actuation layer of SPA-skin consists of two silicone layers and a masking 
layer sandwiched in between. The first three layers in Figure 2:1(A) constitutes for the SPA layer. 
The masking layer fabricated using a polypropylene adhesive tape, avoids bonding between 
these two soft silicone layers, which after curing facilitates the passage of air through the masked 
layer creating desired shape inflation. The shape and design of actuator is determined by laser 
cutting of the masking tape according to the application. The requirements for the actuator di-
ameter and distributed actuator density are based on the feedback application location on hu-
man body [72]. From these requirements, we can then decide the average input pressure and the 
desired output blocked force needed for manipulation from a single actuator. Our prototype 
demonstrates distributed sensing and vibrotactile feedback capabilities of SPA-skin designed for 
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human fingers. We obtained a sufficient blocked force of 0.3 N with a 3 - 4 mm diameter bub-
ble shaped actuator with 0.4 mm silicone thickness for this application. The distributed actuator 
single input channel SPA-skin is capable of generating tactile feedback for a variety of actuation 
frequencies ranging from 5 - 100 Hz.  

Sensor design: Sensors for the SPA-skin need to be distributable over an area, thin and flexible 
to be wearable. For our application, we focused on achieving a high-level of sensitivity as well. 
Soft material matrix - based sensors are often considered for wearable devices but display high 
drift and slow response that are not suitable for our goal. Piezoelectric ceramics (PZT) are known 
to be highly sensitive to normal forces applied, and can be embedded into silicone substrates[74]. 
A PZT element can measure dynamic forces by converting the applied mechanical stress into 
electrical voltage. Our sensors have multiple pixels of PZT elements discretely distributed over a 
surface area in the form of grid. The PZT elements are connected using flexible circuit tracks 
manufactured by laser cutting the copper plated kapton (polyamide) material. The construction 
is then embedded inside silicone material for additional support and electrical insulation as 
shown in Figure 2:1(A).  

 

Figure 2:4 Pixel PZT Sensor Layer Composition. The copper-kapton sheet is engraved using a micro-UV 
laser to facilitate electrical contact with PZT material (A). Conductive adhesive tape is attached to bond the 
PZT crystal (B). The same process is repeated for another copper-kapton sheet and then both electrodes are 
placed on top of other with PZT crystal sandwiched in between (C). Schematic view of the sensor construc-
tion (D). 

The sensors for SPA-skin use 2×2 mm2 size PZT element sandwiched between flexible copper-
kapton circuit track. Initially the copper-kapton sheet is finely engraved with a low power laser to 
remove the kapton layer and make the copper layer visible for connection with PZT element as 
shown in Figure 2:2 (A). After the engraving process the copper-kapton sheet is cut into the spe-
cific shape required to form electrodes. A two way Z-direction conductive adhesive tape (3MTM- 
9705) is used to bond individual PZT element with the copper-kapton electrodes as shown in 
Figure 2:2 (B). This sensor manufacturing procedure enables both signal conducting electrodes 
to be placed on top of the other without causing a short circuit. The Kapton layer between the 
electrodes acts as an electrical insulator as depicted in Figure 2:2 (D). This helps reduce the area 
required for electronic tracks and also improves the sensor density for distributed sensing. For 
our prototype design we manufactured three sensors, evenly distributed on a 6 mm circular pe-
riphery to sense both the internal and external interactions with the SPA-skin, as shown in Figure 
2:2 (C).  
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Sensor actuator integration The critical challenge for multi-layer based sensors is their integra-
tion in parallel. The integration process is simplified by independently manufacturing the sensors 
and SPA-skin. Additionally, this helps to reduce the failure modes as both sensing and actuation 
components can be tested before final integration. The layerwise construction of SPA-skin and 
the integrated PZT sensors is depicted in Figure 2:1 (A). The sensitivity of vibration feedback is 
maximized by placing the sensing elements exactly below the bubble shaped actuator. The flex-
ible circuit tracks are then designed and laser cut, based on the distributed configuration of the 
sensor elements. The integration process of the PZT sensors into SPA-skin starts by spin coating 
a thin layer of uncured Dragon Skin 30 onto a cured 400 μm thick layer for bonding purpose. A 
properly connected working sensor is then placed on this uncured silicone. The SPA-skin proto-
type is then aligned with the sensors and placed on the uncured layer. A small weight is placed 
on this setup to avoid air bubbles forming inside the bonding layer and the assembly is cured at 
60oC for 1 hour to ensure seamless bonding. Figure 2:1 (B) shows the final SPA-skin prototype 
with integrated sensors consisting three sensors and three actuators distributed over the soft 
surface. Using this design procedure, we obtained following parameters for sensor integrated 
SPA-skin as shown in Table 2:1:  

 

Table 2:2Geometric and functional specifications of the fist SPA-skin prototype 

 

2.2.2 SPA-skin: embedded sensing mechanism and dynamic model 

The sensorized, tactile SPA-skin prototype focuses on two main functionalities; it not 
only detects vibrotactile feedback amplitude but also measures external interactive forces. Even 
with high sensitivity PZT sensors it is challenging to accurately estimate the dynamical forces on 
the system as the real world interaction forces the human body experiences are small (in the 
order of 0.1 - 3 N) [72]. Also, the wearable application requires raw sensor signal to be carried 
along relatively long wires from application area to the electronics unit, which adds extra capac-
itance and external signal noise. These issues in combination lowers the signal to noise ratio, 
which requires external amplification and active filtering of noise to improve PZT signal quality. 
In this Section, we discuss the embedded sensing mechanism for SPA-skin to obtain the opera-
tional specifications for the embedded PZT elements both mathematically and experimentally. 
These specifications are then used to design the electronics for the distributed sensing system. 
This is followed by the design of the control system for augmenting the SPA actuation amplitude 
with sensor data.  
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Embedded sensing mechanism A PZT sensor does not provide a static signal as the piezoelectric 
effect only occurs when external forces cause a change in the PZT crystal’s physical dimensions. 
Due to their high sensitivity PZT, sensors are suitable for measuring dynamically changing signals 
such as vibration or impact force. The sensors produce electrical field, E, proportional to the 
stress, σ, generated by an external force, Fpiezo, specifically in the normal direction. The transfer 
function for the generated electrical voltage changed can be obtained using the direct piezo 
electric effect given as E=g33×σ where, g33 is the piezoelectric voltage coefficient in the normal 
direction. The relationship in terms of generated open circuit voltage, V, becomes V= (g33×tA) 
×FpiezoV= (g33×tA) ×Fpiezo where‘t’ is thickness of PZT and ‘A’ is the PZT area under stress. For the 
PZT material (PSI-5H4E) we obtained V= 0.6×Fpiezo with g33= 19.0×10−3−319.0×10−3 Vm/N, t= 
0.127 mm and A= 2×2 mm2. Using the Equations (124), (125) from (“IEEE Standard on Piezoelec-
tricity” 1988) for quasi-static applications, the unloaded or free piezo sensitivity can be mapped 
to a clamped piezo sensitivity value through the electro-mechanical coupling factor, k33, as shown 
in Equation 2:1 and 2:2 .  

Equation 2:1 

This translates to,  

Equation 2:2 

 Where, ϵr is the relative permittivity of PZT crystal in normal direction, 
Although significantly better than silicone-based sensors, PZTs too suffer from nonlinearities in 
the form of hysteresis and creep as piezo electric constant (d33) and dielectric constant 
(ϵr) changes on the application of stress [79], [80]. In our sensor application, we obtain the max-
imum stress of 0.75 MPa for three N load, which generates the maximum electric field of 0.0145 
KV/mm. These values are much lower than the nominal stress (5 MPa) or electric field (0.5 KV/mm) 
to observe significant hysteresis as presented in [79], [80] for PZT-5H (soft PZT). Also, the dielectric 
constant and piezo electric constants do not change for applied stress of <1 MPa [81]. Further-
more, the material dynamic equation for the silicone embedded PZT sensor is complex to model 
due to the hyperelastic properties of silicone, which are more dominant than PZT nonlinearities. 
The transfer function is also modulated by the thickness of the silicone layer [74]. We experimen-
tally obtained a sensitivity value of 0.24 - 0.26 V/N for a silicone thickness of 0.4 mm from the 
graph shown in Figure 2:3(A). The sensor response is linearly dependent upon the impact force. 
These results are comparable with the results in Equation (2) and the result obtained in [74] for 
the characterization of silicone embedded PZT sensors.  
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Figure 2:5 Silicone embedded PZT sensor characteristics. Silicone integrated PZT sensor response (A) 
obtained for a 10 Hz stepped force input of different amplitude. Test setup with Nano-17 force sensor used 
for the PZT sensor and soft actuator characterization (B). The Nano-17 sensor position can be adjusted pre-
cisely in the z-direction to accommodate the exact thickness of SPA-skin.  

Integrated system dynamic model The system response of the 4 mm diameter actuation cham-
ber is measured by applying a 10 Hz on-off input signal to the actuator placed under a Nano-17 
force sensor and a flat plate. The distance between force sensor and the flat plate is same as the 
actuator thickness (1.4 mm). Figure 2:4shows the actual blocked force recorded for actuator infla-
tion and deflation. The rise time for the actuator’s dynamic response is obtained by first order 
dynamic system model approximation fitted using the input output data (Figure 2:4 (A)). The pre-
sented model has the first-order transfer function 356/(jω+356), which subsequently yields a time 
constant of 28 ms and actuator bandwidth of 356/(2π) = 56 Hz as plotted in Figure 2:4 (B). When 
a similar system response is recorded using the PZT sensor placed just below the actuator, we 
obtain a bandwidth of 40 Hz (Figure 2:4 (B)) instead of the modeled bandwidth of 56 Hz. This 
discrepancy is due to the low pass filtering effect introduced by the charge amplification stage in 
the sensor readings. This amplifier has a cut-off frequency of 86 Hz, as discussed in the following 
section. This limits the overall cut-off frequency to 44 Hz, as shown by brown dotted line in Figure 
2:4 (B), which is very close to the actual cut-off frequency observed using PZT sensors.  

 



Soft wearable interfaces: design, characterization, and Modeling 

44 

 

Figure 2:6 SPA-skin system vibration control response. SPA-skin actuated at 10 Hz to experimentally 
obtain the rise-time and bandwidth of the actuator. First-order dynamical system model’s output compared 
to experimentally recorded blocked force output at 10 Hz (A). The rise time of 0.028 ms is obtained with 82 
% model fit. The corresponding bandwidth of 56 Hz for first-order transfer function compared with the 
actual recorded bandwidth of 40 Hz using PZT sensors (B). Low pass filtering at 86 Hz in PZT signal amplifi-
cation coupled with estimated actuator bandwidth lowers the measured bandwidth to 44 Hz from 56 Hz. 

2.2.3 High density distributed sensing and active filtering for wearable environ-
ments 

Distributed sensing is a critical aspect of the design of any wearable platform. A dense grid of 
distributed sensing elements makes wearable systems interactive and adaptive towards changes 
in the physical environment. Furthermore, the sensing layer faces critical challenges, including 
the signal quality in noisy interactions, sensor density over a specific area, bio-compatibility, flex-
ibility and weight constraints. The PZT sensors are specifically developed for distributed sensing. 
The novelty in our design includes customizability, high density, parallel information gathering 
and the possibility of active feedback control. The system design is optimized for distributed 
sensing by moving most of the signal processing inside a compact digital platform. The block 
diagram in Figure 2:5 represents the system design for signal acquisition, processing, evaluation 
and finally active control of the desired vibrotactile feedback. The PZT signal is processed accord-
ingly to obtain a reliable peak value for the periodic force exerted by the soft actuator. A peak 
detection algorithm and notch filter are developed for decoupling the line noise, external inter-
action signal and SPA generated interaction signal for improving the signal quality to facilitate 
feedback control as follows:  
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Figure 2:7 Block diagram for SPA-skin interfaced with the control environment for a single sensor and 
actuator. The SPA-skin interface receives pneumatic input and produces piezo electric output. The control 
environment performs signal acquisition, amplification, conditioning, control and output actuation tasks 
from the raw PZT signal. Microcontroller based signal processing reduces the circuit area required for mul-
tiple sensors, as only a new charge amplifier is added per sensor. The long connecting electrodes from PZT 
sensor capture external line noise, which gets amplified through charge amplifier block. 

Dynamic force sensing and filtering: The SPA-skin is ultimately aimed at measuring and ana-
lyzing the various interaction forces with the human skin in everyday life. The distributed PZT 
sensors are sensitive to dynamic forces producing electric charge spikes proportional to the im-
pact force. The actual interaction forces exerted on PZT crystals are proportional to the peak value 
of the electrical voltage generated. Therefore for the detection of the impact force, the micro-
controller tracks the maximum value of the PZT signal over a complete on-period for the given 
PWM frequency, f. This peak value is then updated for the next timing cycle and thus, the system 
has a delay of 1/f . Also, the forces exerted in this case are expected to be less than 3 N/finger 
[82]. The maximum force exerted by the SPA-skin upon actuation is around 0.3 N at actuation 
pressure of 70 kPa. This produces a raw signal peak of 75 mV with the given sensitivity of 0.25 
V/N. The signal has low amplitude and is susceptible to electrical loading if driven directly through 
a low impedance circuit. Therefore, a charge amplifier was designed to act both as a buffer circuit 
and an amplification stage. The PZT signal is amplified and low-pass filtered by the charge am-
plifier. The amplification factor of 3.9 allows a maximum external force detection up to 10 N with 
a 2.5 V amplifier output swing, and a cut off frequency of 86 Hz allows filtering of high-frequency 
noise harmonics. The conditioned signal is then converted into 10 bit digital signal sampled at 
1000 Hz for further analysis and recording, as shown in Figure 2:5 . Every PZT sensor requires an 
analog signal amplification before it can be connected to a low impedance A/D converter pin. 

Distributed Sensor Noise Cancellation: A high density of distributed sensing elements comes 
with an added cost of increased electrical track and wire lengths. These long wires act like an 
antenna and capture the noise from a variety of AC sources in their environment. Low amplitude 
PZT signal and noise signal are amplified to the same extent through charge amplifier; to mitigate 
this effect, we used a second-order digital notch filter Figure 2:6A and B show the components 
of 50 Hz noise compared to the PZT sensor generated values at 20 Hz and 70 Hz respectively. A 
separate second-order digital Butterworth filter is implemented for every sensor to remove the 
50 Hz signal component. The dashed lines in Figure 2:6A and B show the signal spectrum after 
removal of the AC noise and display the clear acquisition of the repeated actuator signal. A digital 
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filter is preferred an analog filter as it reduces the size of the physical system considering one 
physical filter would be required for each sensor. Furthermore, the digital filter is equally reliable 
due to a relatively high sampling frequency of 1 kHz.  

 

Figure 2:8 Filtering effect of second order notch-filter on PZT signal quality. The raw sensor data is 
acquired for vibrotactile actuation of 20 Hz (A) and 70 Hz (B). The raw sensor data contain large component 
of line noise which is suppressed using the second digital notch filter. 

 

2.2.4 Conclusions 

We introduced a unique, compliant, and distributable actuation system with an embedded grid 
of sensing capabilities. The distributed sensing with high customizability makes the SPA-skin 
more versatile to accommodate multiple configurations for wearable applications. Because of its 
softness and flexibility, it can cover wide and curvy surfaces for actuation and sensing. Further-
more, the presented SPA-skin is both an input and output device that produces modulating vi-
brotactile feedback over a range of frequencies. The embedded PZT sensors help SPA-skin to 
precisely sense vibration and to detect external forces and contacts. The novel method of sensor 
manufacturing allows placing a grid of sensor electrodes over a surface. However, these capabil-
ities are limited by the tethered wires that create a noisy environment. Digital filtering becomes 
necessary as the sensed signal amplitude is comparable to the line noise captured by the long-
running wires acting as an antenna.  

Furthermore, the PZT sensor-based sensing layer provides active sensing with high-sensitivity 
and ultra-thin fabrication. However, it is limited to the flexibility of connecting electrodes and can 
only measure dynamic changes in interaction forces. The design of sensor electrodes allow for 
some degree of stretchability for a tight fit on user’s body; however as the size of actuator will 
increase above 5 mm, the SPA inflation will cause shear stress accumulation at the rigid-sensor 
interface that would lead to delamination with current 2x2 mm2 sensor pixel size. To tackle these 
challenges, we updated the SPA-skin design further to create not only a composite and conform-
ant but also a stretchable and monolithic interface with integrated liquid metal sensors, as dis-
cussed in Section 2.3.  
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2.3 An entirely soft self-sensing pneumatic actuator skin for con-
trolled wearable tactile feedback 

Wearable haptic devices need to ensure that the force imparted on the wearer is consistent with 
respect to the perceived performance: this depends on how the interface fits and moves with the 
body. The effective tactile feedback also requires accurate and coherent force transfer from the 
actuator to the wearer regardless of the external loading or manufacturing variations. This re-
quires embedded sensing of the actuator state and corresponding corrective measures through 
closed-loop control. There has been significant development in entirely soft and stretchable 
physical sensors to measure crucial parameters like strain and pressure experienced.[28], [30], 
[46]–[49] Advanced manufacturing technologies like soft 3D printing have combined soft sensing 
within soft actuation.[50] Such an integration of soft sensing with soft actuation creates possibility 
of closed-loop control, which is essential to adapt to the external loading conditions suitable for 
wearable scenarios. However, no wearable haptic device has demonstrated such capabilities with 
embedded sensing, as it has been particularly difficult to design soft stretchable sensors, which 
can perform under high strains and high strain rates needed for state estimation of high-speed 
vibratory actuation. 

In this section, we propose an updated SPA platform with an entirely soft sensor integrated de-
sign enabling flexible, conformal, and distributable interfaces over a variety of surfaces. The inte-
grated sensing with active closed-loop control provide accurate modulation of actuation ampli-
tude and frequency for rich feedback, independent of external loading. The major contributions 
of this work include: 

• Design of an entirely soft tactile interface based on a pneumatic actuation and integrated 
stretchable liquid metal sensors. 

• Characterization of SPA-skin for high-fidelity (0-100 Hz) operation and analytical model 
to estimate the actuator inflation state using sensor resistance. 

2.3.1 SPA-skin design for a monolithic interface  

The SPA-skin – a sensor-actuator laminate- is composed of soft silicone elastomers and thin bi-
phasic metal films, as depicted Figure 2:7a. The actuator layer, SPA, consists of an elastomeric 
membrane that can be pneumatically inflated with a positive pressure input as discussed in pre-
vious Section 2.2.1 [54]. This actuator is also fabricated with three thin layers: a middle flexible 
mask layer (50 μm) to define the actuator’s shape, sandwiched between two silicone layers, with 
a total thickness of 500 μm [54]. However, the process defers in the selection of soft silicone 
material, which is plasma bondable to enable a monolithic integration with the sensing layer later. 
The polypropylene mask in the middle masking layer adheres to the bottom silicone and ensures 
that, upon inflation, deformation occurs in the top membrane. The actuator geometry is governed 
by the spatial resolution requirement of 20 mm and force requirement of up to 1 N for sensitivity 
on the application areas on the human back or wrist.[83], [84] The actuator has an area of 10 mm 
in diameter and has a 2 mm inlet tube (Figure 2a). The sensor layer, an eGaIn filled micro channel 
membrane, on the other side is prepared with a biphasic (liquid-solid) Gallium-based metalliza-
tion patterned on a thin silicone membrane [47]. It is then laminated on top of the actuator to 
complete the soft actuator-sensor interface. The layout of the strain sensor covers the entire area 
of the SPA in order to record changes in strain upon inflation with positive input pressure. The 
soft sensor-skin hosts metallic meanders on a 40 μm thick (substrate and encapsulation) on Pol-
ydimethylsiloxane (PDMS) film patterned at the resolution limit of the biphasic metallization 
technique in order to maximize the sensor sensitivity.  
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The entire SPA-skin is fabricated using PDMS (Dow Corning Sylgard 184) because of its low vis-
coelasticity [85] and because multiple layers can be covalently bonded with oxygen plasma treat-
ment. The intentional use of the same material for both the actuator and the sensor substrate 
yields a robust monolithic functional skin with embedded sensing and actuation capabilities. The 
softness of SPA-skin manufactured matches with that of the human skin to have a compliant and 
wearable prototype. 

2.3.2 SPA-skin characterization  

The frequency range of somatic perception for human skin varies from 0 - 100 Hz for rapidly 
adapting sensor receptors and 100 - 400 Hz Pacinian corpuscles.[27] In order to apply a con-
trolled feedback of the integrated SPA-skin system over such a variety of modulable amplitude 
and frequency ranges, an accurate model of the steady state and transient behavior is first 
needed. We, therefore, perform static and dynamic characterization of the SPA-skin to obtain all 
relevant system parameters necessary for implementing closed-loop control. 

Static characterization Despite the addition of extra sensor-layer, we observe a minimal 
mechanical loading on the SPA with less than 10 % change in the actuator inflation (Figure 2:7b). 
The covalent bonding between sensor and actuator layers ensures the conformity of the sensor 
layer around the SPA during inflation. This enables the accurate measure of the strain experienced 
by the SPA through the soft sensors, even at high strain rates. Upon inflation of the SPA, the 
resistance of the soft sensor increases due as the biaxial strain increases. The gauge factor (GF) 
observed for the stretchable metallization is approximately unity and independent of the strain 
rate[55]. The SPA-skin system exhibited a robust behavior, with less than 10 % deviation in the 
relative change in resistance (ΔR/R) obtained during high strain rate operation at 20 Hz to a 
pressure of 25 kPa for a million cycles (Figure 2:7c). Such a robustness highlights the ability of the 
SPA-skin to be used in the wearable applications over long duration under dynamic operation. 
The sensors also demonstrate rapid response times under 1 ms, meeting the demands of the 
high frequency action for vibrotactile feedback. During the cyclic test of 1 million cycles at 20 Hz, 
a 10 % change of resistance per cycle was observed. This corresponds to an average strain rate 
of 400 %/s (10 % x 2 x 20 Hz) experienced by the SPA-skin for a million cycles, with continuous 
current consumption at 1.25 mA throughout the 14 h of testing period.  

Dynamic characterization This SPA-skin prototype can modulate the actuation amplitude over 
100 Hz of dynamic range of frequencies derived from human mechano-reception capabilities. 
The SPA-skin is actuated with an on-off pressure input that is regulated at set amplitudes be-
tween, 5 kPa and 30 kPa. The dynamic response shows an increase in the relative change in re-
sistance, ΔR/R0, concomitant to the increase of the actuation pressure at 5 Hz (Figure 2:7d). The 
inflation and deflation behavior of the sensor-actuator system is repeatable over a range of ac-
tuation frequencies, as seen in the five consecutive cycles shown in Figure 2:7c. The system dy-
namics resulting from the material elastic properties and the actuator geometry with ϕ 2 mm and 
tube length of 300 mm, limit the maximum rate of change in inflation/deflation. This manifests 
as an increase in the baseline and decrease in the maximum output as the operational frequency 
increases (Figure 2:7e). The cutoff frequency of our SPA-skin design is measured to be 30 Hz, 
above which the actuation amplitude is less than 70 % of its maximum value. Although the vibra-
tion amplitude decreases above 30 Hz, it is still measurable and perceivable to the human skin 
for the frequencies up to 100 Hz (Figure 2:7f).[83] The measurement system can measure the 
resistance of sensor dynamically with an accuracy of 0.4 % at 1600 samples per second which 
enabled recording of 16 samples at 100 Hz. This level of accuracy allowed for measurement of 25 
distinct levels for 10 % change in SPA strain.  
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Figure 2:9 Characterization of SPA-Skin. (a) An SPA-skin prototype before and during inflation. (b) Actua-
tors of the same thickness with and without laminated sensors show little change in performance. (c) Sensor 
performance over a million cycles. (d) SPA-skin response for variation input pressure set points from 5 kPa 
to 30 kPa at 5 Hz. (e) SPA-skin response for variation of actuation frequency from 5 Hz to 100 Hz at 25 kPa 
pressure set point. (f) SPA-skin amplitude response for variation in actuation frequency. 

 

2.3.3 Analytical model  

The static and dynamic characteristics of SPA-skin show the integrated system is repeatable and 
stable over a range of actuation frequencies and amplitude. The sensor feedback therefore can 
be used to actively control the SPA inflation height if the relationship between actuation ampli-
tude and measured resistance can be developed. It is also important to note that the soft actua-
tors exhibit complex mechanical behavior upon inflation due to the hyper-elastic nature of the 
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silicone materials. Such a behavior makes it complicated to accurately maintain the actuator in-
flation amplitude or output blocked force only with open-loop analytical model without a feed-
back sensing mechanism. We utilized the integrated resistive strain sensors to predict the average 
strain experienced by actuator and map it to the actuation height. We developed and experimen-
tally verified an analytical model for the actuator behavior upon inflation, based on the results 
obtained from the integrated resistive sensor-skin, an external inflation height sensor, and an 
external pressure sensor (Figure 2:8a). Our model maps the measured resistance change (ΔR/R0) 
from sensor to inflation height (h) analytically, based on the actuator inflation geometry and bi-
axial deformation of material upon inflation. In the first stage, we developed geometrical map-
ping function for the measured strain for a given inflation height (Figure 2:8a). As the strain ex-
perienced by the sensor meanders is equibiaxial, we then map it to corresponding change in 
resistance value resulting from the actuator inflation.  

Assuming a Poisson’s ratio (𝑣𝑣) of 0.5 for PDMS and an isotropic nature of the soft material, we 
can assume equibiaxial stress in the actuator membrane upon inflation. Also, the effect of reduc-
tion in the remaining dimensions (-𝜀𝜀′) for applied strain (𝜀𝜀) in one dimension for a given Poisson’s 
ratio is: 

         (1− 𝜀𝜀′) =  (1 + 𝜀𝜀)−𝑣𝑣    (Equation 2:3) 

Therefore, the change in dimensions of a single meander channel with length (𝛥𝛥0), width (𝛥𝛥0), and 
thickness (𝑡𝑡0) from equibiaxial strain upon inflation (𝜀𝜀 = 𝜀𝜀𝑙𝑙  =  𝜀𝜀𝑤𝑤) can be given as: 

𝛥𝛥 = 𝛥𝛥0 +  𝛥𝛥𝛥𝛥𝑙𝑙 −  𝛥𝛥𝛥𝛥𝑤𝑤 = 𝛥𝛥0 (1 + 𝜀𝜀𝑙𝑙 − 𝜀𝜀′𝑤𝑤  ) = 𝛥𝛥0[(1 + 𝜀𝜀)−𝑣𝑣 + 𝜀𝜀]; 

𝛥𝛥 = 𝛥𝛥0 −  𝛥𝛥𝛥𝛥𝑙𝑙 + 𝛥𝛥𝛥𝛥𝑤𝑤  =  𝛥𝛥0(1 − 𝜀𝜀′𝑙𝑙 + 𝜀𝜀𝑤𝑤 ) = 𝛥𝛥0 [(1 + 𝜀𝜀)−𝑣𝑣 + 𝜀𝜀]; 

𝑡𝑡 = 𝑡𝑡0 −  𝛥𝛥𝑡𝑡𝑙𝑙 − 𝛥𝛥𝑡𝑡𝑤𝑤  = 𝑡𝑡0 (1 − 𝜀𝜀′𝑙𝑙 + 1 − 𝜀𝜀′𝑤𝑤 − 1 ) = 𝑡𝑡0[2(1 + 𝜀𝜀)−𝑣𝑣 − 1]  (Equation 2:4) 

Where, 𝛥𝛥𝛥𝛥𝑙𝑙/𝑤𝑤 ,𝛥𝛥𝛥𝛥𝑙𝑙/𝑤𝑤  and 𝛥𝛥𝑡𝑡𝑙𝑙/𝑤𝑤  are changes in length, width and height of the soft material due to 
strain in the direction of length/width (𝛥𝛥/𝛥𝛥), respectively.  

Hence, the change in resistance of the biphasic metal encapsulated within the silicone mem-
branes can be given as: 

𝑅𝑅
𝑅𝑅0

=
𝑙𝑙
𝑙𝑙0�

(𝑤𝑤 𝑤𝑤0� )(𝑡𝑡 𝑡𝑡0� )
=  1

2(1+𝜀𝜀)−𝑣𝑣−1 
  (Equation 2:5) 

Furthermore, the correlation between uniaxial strain and actuator inflation height can be formu-
lated using the volumetric change in the actuator and spatial distribution of sensor meanders on 
the actuator. The actuator of diameter (d) inflated to height (h) takes the approximate shape of a 
scooped sphere with a variable radius (r) (Figure 2:8a, b). The radius decreases from infinity to 
5 mm as actuator inflates from 0 mm to 5 mm height. The average uniaxial strain in a single 
meander during inflation to height can be described as: 

ε = 𝑙𝑙−𝑙𝑙0
𝑙𝑙0

=
sin−1𝑥𝑥𝑟𝑟

𝑥𝑥
𝑟𝑟

− 1       (Equation 2:6) 

Where, x is the actuator radius, l is the final length, l0 is initial length, and r = �x2 + (r − h)2. The 
sensor meander pattern consists of 18 parallel lines equally distribute along the surface of the 
actuator membrane. The ith stripe of the sensor channel is distance (di) from center of the actuator 
and during inflation reaches height (hi): 

ℎ𝑖𝑖 = ℎ𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑥𝑥 +  �𝑥𝑥2 − 𝑑𝑑𝑖𝑖2     (Equation 2:7) 
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From Equations 3 and 4, the average strain experienced by all the sensor meanders on the actu-
ator surface is given as: 

εavg = ∑ εi
n

n
i=1 = 1

n
∑ �

sin−1 𝑥𝑥𝑟𝑟𝑖𝑖
𝑥𝑥
𝑟𝑟𝑖𝑖

− 1�  ≈ ∆𝑅𝑅
𝑅𝑅

n
i=1     (Equation 2:8) 

Where, the GF is 1 [47] 

Hence, to deduce the inflation height (h) by measuring change in resistance (∆𝑅𝑅/𝑅𝑅0) an explicit 
mapping from ∆R/𝑅𝑅0 →  ℎ is necessary. However, it is impossible to obtain, as Equation 2 is a 
coupled equation. Therefore, a piecewise polynomial curve fit is obtained for the inverse mapping 
of Equation 2:5 (Figure 2:8c):  

ℎ =  49800 �
∆𝑅𝑅
𝑅𝑅0
�
3

−  2890 �
∆𝑅𝑅
𝑅𝑅0
�
2

+  74.6 �
∆𝑅𝑅
𝑅𝑅0
� +  0.109 𝑓𝑓𝑓𝑓𝑥𝑥 0 <  �

∆𝑅𝑅
𝑅𝑅0
� < 0.025  

ℎ =  33 �∆𝑅𝑅
𝑅𝑅0
�
3
−  31 �∆𝑅𝑅

𝑅𝑅0
�
2

+  16 �∆𝑅𝑅
𝑅𝑅0
�+  0.63 𝑓𝑓𝑓𝑓𝑥𝑥 0.025 < �∆𝑅𝑅

𝑅𝑅0
� < 0.4  (Equation 2:9) 

with, Error Norm= 0.0079. 

 

2.3.4 Model validation  

We developed a custom high-speed data acquisition test-setup that can record infla-
tion height, input pressure and strain sensor resistance to process the data for validation of the 
analytical model developed in previous section. We measured the maximum height (hmax) during 
inflation at the given pressure with an external laser displacement sensor and recording the sen-
sor response as depicted in Figure 2:8b. We inflated SPA-skin at various input pressure and took 
images for fitting a curve of radius ‘r’ and while simultaneously measuring the observed inflation 
height (h). The experimental values of curved fitted radii with the scooped sphere approximation 
for given inflation height matches closely with the expected geometrical model (Figure 2:8b). 
Afterwards, we derived the average strain values from the Equation 5 and the external height 
sensor reading. Assuming the GF of 1 we obtained the analytical model plot of expected re-
sistance change (∆𝑅𝑅

𝑅𝑅
) for given inflation height in Figure 2:8c. The subsequent experimental meas-

urements shows the resistance change over inflation height of SPA-skin for three different sam-
ples are well in agreement with the analytical model (Figure 2:8c and Figure 2:9).  
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Figure 2:10 Experimental setup and model. (a) Experimental setup for validating the sensor embedded 
SPA model upon actuation, overlaying the geometric parameters used in the analytical model. (b) Images 
showing the SPA inflation over a range of actuation pressures are used to measure the inflation radius (r) 
and the inflation height (h) for geometrical model validation. The measured inflation radius is compared 
with the geometric model assuming the SPA inflation geometry as a part of a scooped sphere. (c) Average 
measured and computed strains for given inflation heights. (d) Average strain as a function of input pressure 
(red dots: model, blue dots:  
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Figure 2:11 Experimental validation of the analytical model.(a) The analytical model predicting uniaxial 
strain over each sensor meander using the measured inflation height. The mean value of the sensor strain 
determines the measured change in the resistance of the sensor. (b) The measured average strain from the 
analytical model is plotted with respect to the actuator input pressure. Each colored (*) marker maps to the 
corresponding mean value of the strain in Figure b and is then used to validate the strain model with meas-
urements from sensor resistance (Figure 2:8c). 

This confirmed the integrated strain sensor could effectively be used to measure the actuator 
inflation height, eliminating the dependency of actuator performance on the manufacturing var-
iations and input pressure. Next, we developed a strain controller to have the strain sensor for 
active closed-loop control, which is discussed in detail in the Chapter 3. 
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2.4 Developing edible soft actuator and pressure localizing soft sen-
sor skin 

The methods and tools developed for the SPA-skin can further be explored with different material 
composition and intelligent measurement techniques to help create next generation of soft ro-
botic technologies and wearable interfaces. In this section, we will discuss two of such technolo-
gies I co-developed to provide extra core technologies that will be useful across a range of soft 
robotics applications. The first development is a Gelatin based soft pneumatic actuator developed 
keeping non-reusuable and non-biodegradable nature of traditional silicone material based SPA 
(Figure 2:10A) and the second one is using exfoliated graphite infused soft sensor skin that uses 
similar quasi 2D manufacturing technique as SPA-skin (Figure 2:10B). 

 

Figure 2:12(A) Edible soft pneumatic gelatin actuator prototype. (left) actuator in the non-pressurized 
state. (right) actuator in a pressurized state. (B) The soft monolithic silicone-based capacitive sensor skin 
deforming into a mug. The sensor skin measures 120x120x4 mm3 with 70 pF of overall capacitance.  

The main novelties of these works can be summarized as below: 

1. We present a fully edible pneumatic actuator based on gelatin-glycerol composite. The 
actuator is monolithic, fabricated via a molding process, and measures 90 mm in length, 
20 mm in width, and 17 mm in thickness. Thanks to the composite mechanical charac-
teristics similar to those of silicone elastomers, the actuator exhibits a bending angle of 
170.3 ◦ and a blocked force of 0.34 N at the applied pressure of 25 kPa. These values are 
comparable to elastomer based pneumatic actuators. These edible actuators, combined 
with other recent edible materials and electronics, could lay the foundation for a new 
type of edible robots. 

2. We present a large area, monolithic silicone foam based capacitive sensor and a sensing 
method to localise the pressure application point without extra wires. In contrast to pres-
sure sensor arrays composed of n × n discrete sensors, we utilize a single sensor body 
with a single instrumentation interface to detect n pixels. We interrogate the capacitive 
sensor at different frequencies, thus modulating the effective length of the sensor. These 
interrogation frequencies are governed by the sensor’s total capacitance, resistance, and 
desired spatial resolution of the sensor. The experimental tests on a 1 × n sensor strip 
and an n × n sensor sheet and showed that we could attain greater than 90% accuracy 
in predicting the location of the applied pressure using a model generated by a multi-
class kernel support vector machine.  
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2.4.1 Soft pneumatic gelatin actuator (SPGA) for edible robotics [42] 
Revisiting the material foundations of robotic components can lead to novel functionalities and 
application fields. For example, soft robotics, where robots are composed of compliant materials 
has led to superior features, such as improved mechanical robustness and simplified structure 
and control, and safer and more compliant functionalities [43], [86]. Here we propose the use of 
edible materials for a new type of robotic architecture, which we call “Edible Robotics”. Edible 
robots can be biodegradable, biocompatible, and environmentally sustainable with none or lower 
level of toxicity. These functionalities can already be seen in organic electronics made of edible 
materials [87] to fabricate transistors [88], sensors [89], batteries [90], electrodes [91], and capac-
itors [92]. The (still missing) availability of edible actuators could pave the way to fully edible 
robots. The components of such edible robots could also me mixed with nutrient or pharmaceu-
tical components for digestion and metabolization. Potential applications are disposable robots 
for exploration (as also mentioned in [93], [94]), digestible robots for medical purposes in humans 
and animals, and food transportation where the robot does not require additional payload be-
cause the robot is the food. So far, the use of edible materials in robotics remains very limited. 
Researchers have developed a gelatin hydrogel actuator immersed in NaOH solution [93], and an 
ingestible robot that uses the intestines of pigs as folding parts [95]. Both cases require external 
electric and magnetic fields, which can make them challenging to use outside of a specific envi-
ronment. In this paper, we describe a soft gelatin pneumatic actuator for edible robotics. Soft 
actuators, especially the ones with pneumatic configuration, have been widely developed and 
applied in various robotic applications thanks to their simple structure that can be extended to 
form a robot itself [43], [86]. Therefore, developing edible soft pneumatic actuator is a promising 
approach that can immediately lead to the realization of edible robots. Gelatin is an edible ma-
terial, and can be polymerized when an edible plasticizer, (glycerol in this work), is used to form 
a protein network [96]. eGlatinglycerol composite could replace silicone elastomers, a compliant 
material often used in soft robots. Once dissolved into aqueous solution, the composite can be 
used in molding fabrication of soft actuators in the same manner as more traditional elastomers.  

Characterization of gelatin-glycerol membrane 

Sample preparation Gelatin (48723) and glycerol (G5516) were purchased from Sigma Aldrich 
(Switzerland). These materials were used as received. Aqueous solutions containing gelatin (GEL), 
glycerol (GLY), and distilled water (WAT) were prepared by mixing the contents for 30 min at 80◦ 
C. Two different solutions were prepared: GEL/GLY/WAT = 1:1:8 and 1:2:8. The solutions were cast 
on an acrylic mold (20 g solution/mold) and dried at room temperature (25 ◦C) for 48 h inside a 
chemical hood. After drying, a membrane thickness of 0.5 mm was formed in the mold. The 
membrane was then cut by a laser machine (Speedy 300, Trotec Laser) to obtain the dogbone 
shaped samples for uniaxial tensile testing. This dogbone shape sample was fabricated according 
to ASTM guidelines [97]. The drying time of 48h was experimentally determined prior to the 
sample preparation, based on the changes observed for mass of the membrane, which became 
almost constant at 48 h (Figure 2:11(a)). 
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Figure 2:13 Characterization results for the gelatin/glycerol composite samples. (a) Variation in the mass 
of the compositions over time. The water content takes equilibrium after 48 h. (b) Loading as a function of 
uniaxial stretch for the two different compositions. Dashed lines represent calculated result using Eq. 8. 

Results and discussion Figure 2:11(b) plots the result of the tensile testing for two different 
gelatin(GEL)/glycerol(GLY) composition of 1:1 and 1:2. The samples exhibit hyperelastic (nonlin-
ear) behavior similar to silicone elastomers. The dashed lines shown in the figure are the calcu-
lated loading based on Yeoh model. The material constants and properties obtained are summa-
rized in Table 2:2: (I) and Table 2:2:(II) , respectively. The measured Young’s modulus is 2.7 ± 0.5 
MPa for GEL/GLY = 1:1, and 0.7 ± 0.2 MPa for GEL/GLY = 1:2, respectively. These values of the 
modulus are in the same range of silicone elastomers used for soft robots (0.125 MPa for Smooth-
On Ecoflex 00-30 [98] , and 1.3-3.0 MPa for Dow Corning Sylgard 184 [99]). Also, it can be seen 
that the composition ratio changes the modulus; larger the glycerol contents, softer the material 
is. Therefore, desired modulus may be achieved by adjusting the ratio of gelatin and glycerol. 
Similar to the Young’s modulus, the tensile strength for the two compositions (9.3 ± 1.2 MPa for 
GEL/GLY = 1:1, and 3.7 ± 0.9 MPa for GEL/GLY = 1:2) are in the same range of silicone elastomers 
(3.5-7.7 MPa for Sylgard 184 [99] , and 1.4 MPa for Ecoflex 00-30 [100]). The elongation at break 
obtained for the two is almost the same value; 154.8 ± 6.2 % for GEL/GLY = 1:1, and 150.3 ± 8.2 
% for GEL/GLY = 1:2, respectively. The value is reasonable for GEL/GLY = 1:1 because silicone 
elastomers with high modulus exhibit similar elongation at break (80- 170 % for Sylgard 184 [19]). 
On the other hand, the value of GEL/GLY = 1:2, 150.3 ± 8.2 % is significantly smaller than those 
of soft elastomers (900 % for Ecoflex 00-30 [100]).  

Development and characterization of soft pneumatic gelatin actuator 

Design and fabrication The actuator is shown in Figure 2:10 has multiple, half-separated cham-
bers in the monolithic structure, similar to the configuration initially reported in [101]. As shown 
in Figure 2:10, when pressurized air is injected, the inflation of the chambers happens in the upper 
part (shifted position from the neutral plane), resulting in a bending of the structure. The dimen-
sions of the device were 90 mm in length, 20 mm in width, and 17 mm in thickness. The actuator 
was fabricated based on a molding method commonly used for silicone elastomer-based pneu-
matic actuators. 
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Table 2:3: (I) Material constants of GELatine and GLYcerol composites from material testing and 
(II) corresponding material properties for 1:1 and 1:2 by weight constituent ratio samples 

 

 

Figure 2:14 Characterization results of the soft pneumatic gelatin actuator. (a) Bending of the actuator 
in different pressured states. P stands for the gauge pressure. (b) Bending angle as a function of the applied 
pressure. A bending angle of 170.3 ◦ was observed at 25 kPa. (b) Blocked force as a function of the applied 
pressure. A force of 0.34 N was measured at 25 kPa. 
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Bending angle and blocked force The bending angle of the actuator was defined as the tip 
angle difference from the initial angle, which was recorded by a CMOS camera. The blocked force 
of the actuator was measured by putting a load cell (Nano 17, ATI Industrial Automation) on the 
tip in the way blocking the bending actuation (Figure 2:12 (C) inset) In these characterizations, 
pressurized air of up to 25 kPa was applied via a setup consisted of a valve, a compressor, and a 
computer running LabView. 

Results Figure 2:12 plots the bending angle as a function of the applied pressure. The angle 
increased with the pressure, and took a value 170.3o at 25 kPa. Similar trend was observed in the 
blocked force, and a force value of 0.34 N was recorded at 25 kPa. These results represent the 
fact that the performance of the actuator, the actuation angle and the force, are pressure-con-
trollable. We found our edible soft actuator exhibited comparable performance to existing sili-
cone elastomer based actuators, as summarized in Table III. During the test, we observed the 
actuator showed fast motion (∼0.5 s), and was capable of withstand numerous cycles of actuation 
(see supplemental video).  

Demonstration of robotic application In order to demonstrate the applicability of the edible 
soft pneumatic actuator to robotic application, we integrated the two actuators into a form of 
two-finger gripper and performed grasping test for various objects. The gripper, shown in Figure 
2:13(a-i), has the open-finger at the initial state. The fingers can further be opened by sucking air 
from the chambers (Figure 2:13 (a-ii)).  

 

Figure 2:15 Soft gripper grasping test. P stands for the gauge pressure. (a-i) The gripper is placed above 
the object, here an apple mass of 95.6 g. (a-ii) The device approaches the object. (a-iii) Applying pressure 
conforms the adaptation of the fingers. (a-iv) The actuated force of the gripper makes it possible to picked 
up the object. The gripper demonstrated handling of other objects: (b) a boiled egg (47.7 g), (c) an orange 
(104.8 g), (e) A LEGO brick (25.7 g), and (f) A bottle of chewing gums (153.1 g). 
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Discussion 
The edible material used for the actuator, the gelatinglycerol composite, shows similar mechani-
cal properties to those of silicone elastomers. Assessment of other characteristics such as dura-
bility and viscoelasticity with varied composition ratios will provide more insight about applica-
bility of the composite material for robotic applications. Environmental conditions such as hu-
midity and temperature, are also important aspects of robots that operate in uncontrolled envi-
ronments. The gelatin-glycerol composite appears to reach an equilibrium water content, sug-
gesting that the mechanical properties may (Figure 2:11), suggesting that the mechanical prop-
erties may change corresponding to humidity of the surrounding air. However, this is not a major 
problem because edible coatings to preserve the water content are already available [102]. Tem-
perature may also effect to the mechanical properties because the melting temperature of gelatin 
is around 35oC. The melting point can be higher once plasticizers and other proteins are added. 
For example, a composite of gelatin, chitosan (a polysaccharide), and glycerol has a melting point 
of 67oC [103]. Investigation of above mentioned characteristics will contribute towards the im-
proved design of the actuators and robots, and their applicable tasks 

To demonstrate the possibility soft pneumatic actuator towards robotic application, we inte-
grated the two actuators into a form of two-finger gripper and performed grasping test for vari-
ous objects. The versatile nature of the gripper illustrates high performance of our edible actua-
tor. Higher performance may be expected if the actuator is designed with aid of analytical Mod-
eling [104] or FEM [13] where the material properties obtained from the characterization are in-
corporated. This will also enable the design of actuators of different geometries and sizes. For 
the future generation of the edible actuators, further characterization of cycles and repeatability 
should be performed. Given the melting feature of gelatin, our actuator could be capable of self-
healing and become re-usable, which are added capabilities that existing soft pneumatic actua-
tors usually do not exhibit. The edible robotic gripper described here shows possibility of creating 
edible robots based on these materials. Given the simplicity of the actuator design, it could be 
implemented to many different types of robots. Along with all the functionalities—biodegrada-
bility, biocompatibility, environmental sustainability, digestibility, metabolizability, selfheal ability, 
and re-usability—those edible robots could bring novel applications. For example, as discussed 
in the literature [105] about the animal navigation in the wild, fully edible robots would help to 
study how wild animals collectively behave. The robots could also take a role of animals prey to 
observe their hunting behaviors or to train protected animals to do predation. Once medical 
components are mixed into the edible composition, the robots could help the preservation of 
wild animals or heal inside of the human body. When edible robots can be metabolized, they also 
function as energy storage providing an advantage in terms of increased payload with respect to 
non-edible robots that must be loaded with a food payload. This would be effective in rescue 
scenarios where the metabolizable robots can reach survivors in isolated places like inside a crev-
ice or up on mountain. Last, but not least, since edible materials can generate electric energy [90], 
[106]–[108], one could envisage autophagy (self-eating) function, like that of octopus [109], to 
extend their lifetime. 

 

2.4.2 Capacitive soft sensor skin for distributed pressure localization [56] 

Robotic systems that interact with their surroundings need to detect and localize the 
contact with an object. Pressure sensor arrays are a well-developed technology with multiple 
commercially available devices (TakkTiles, Sensitronics, Tekscan, Sensing Tex, BodiTrak, Sure-
Touch). However, the majority of these commercial devices incorporate materials that are stiffer 
or more strain-limited than those commonly demanded by softer interfaces, hindering their in-
tegration. Researchers have developed various approaches to “soften” pressure sensing for soft 
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robotics, human-computer interactive system, and wearable applications. Two common ap-
proaches for measuring pressure are by measuring the resistance of a deformable, soft, or fluid 
conductor or by measuring the capacitance of a deformable capacitor. Some resistive sensing 
approaches include the use of conductive polymer composites [110]–[112] or embedding liquid-
metal microchannels in silicone elastomer [98], [113]–[115]. Capacitive sensing approaches use a 
variety of materials for both the conductive electrodes and the dielectric layer. Electrode materials 
can be broadly classified into metal thin film [77], [116]–[118], liquid metal [119], [120], , conduc-
tive silicone composite [121]–[124], conductive fabrics [125]–[127], hydrogels [128], carbon nano-
tubes [129], and carbon grease [130], [131]. The dielectric layers have been composed of silicone 
foam [77], [116], [125], native silicone [41], [118]–[120], [122], [124], [128], [129], polyurethane 
[117], and acrylic foam tape [130], [131]. Though the transduction means to convert pressure to 
a signal may differ, the majority of these devices utilize a single sensor to make a single meas-
urement of pressure. In order to distribute sensing capability over larger areas, researchers have 
patterned multiple pixels individually [74], [77], [113], [126] ] over the sensing region at the de-
sired spatial resolution. However, as the number of sensors increases, so does the number of 
interfaces to the electronics. For the practice, the sheer number of wires can become unwieldy, 
prone to breakage, increasing the stiffness of the system, and therefore, higher resolution uni-
form surface systems are difficult to design and implement. One way to mitigate this issue in 
scalability is to use the electrodes on the top and bottom of the substrate in orthogonal rows 
and columns to create pixels at the intersections [110], [116]–[119], [124], [127]–[129]. This ap-
proach reduces the number of interfaces for an n-by-n grid from O(n2) to O(n), a further improve-
ment is to leverage the frequency-dependent characteristics of large-area capacitors to reduce 
the number of interfaces to two for an n × n pixel array. Interrogating a capacitor at multiple 
frequencies effectively creates multiple sensing regions within the area of a single capacitive sen-
sor body [130]–[132]. Another interesting way to reduce the number of electrodes for touch-
sensing applications is to use electric field tomography on a large conductive film [132].  

In this work, we present a pressure sensing methodology for localization of point pres-
sures on a monolithic, soft capacitive sensor (Figure 2:10(A).) by interrogating the sensor at mul-
tiple frequencies to modulate the effective length of the capacitive sensor “seen” by the meas-
urement system. Using the resistance and capacitance values of a physical sensor prototype, we 
developed an analytical model for the 1D representation of the capacitive sensor. Using this 
model, we calculated the frequency response of the sensor at different effective sensor lengths 
to find their corresponding cutoff frequencies. We then used the calculated cutoff frequencies as 
the interrogation frequencies in experimental tests. Experiments were performed by pressing at 
various locations on a 1D sensor strip and a 2D sensor sheet wherein the series resistance (Rs) 
and parallel capacitance (Cp) of the sensor were measured using an LCR meter at the interroga-
tion frequencies. Because the sensors are monolithic, with no pre-determined measurement lo-
cations, we discretized the sensors into different sized pixels to attain different levels of spatial 
resolution. We then input the Rs and Cp values into a multi-class kernel support vector machine 
(KSVM) to create a classification model for localizing the point pressures. Through evaluation of 
the SVM using a confusion matrix, we found that we achieved between 90-100% accuracy in 
predicting the location of the applied pressure which is discussed in detailed in Chapter 3. 
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Figure 2:16 Electrical equivalent circuit diagram and results of the analytical model of the 1D sensor 
strip. (a) Schematic of a single element in the 1D sensor strip. A photo of the sensor cross-section of the 
sensor strip. (b) Model of a 1 x 3 pixel array. The interface is located on the left end; the distance or pixel 
index increases from this point along the sensor. The top schematic shows a top view of the physical device; 
the bottom schematic shows the corresponding electrical equivalent circuit. (c) Plots of the signal amplitude 
calculated at each node over a frequency sweep. The black horizontal line marks the -3dB threshold. The 
interrogation frequencies are the frequencies at which the signal amplitude curves intersect the -3dB lin 

Physical Embodiment  

The sensors were fabricated as a large, parallel plate capacitor using silicone and expanded 
graphite composite for the conductive electrodes and silicone foam for the dielectric layer. The 
two components were made separately and then glued together using a thin layer of silicone. As 
pressure is applied to this deformable capacitor, the thickness of the dielectric layer decreases, 
increasing capacitance. The conductive composite material was fabricated in a thin film using a 
rod-coating method as described in [133]. In this work, we modified the graphite loading to in-
crease the sheet resistance from 1 kΩ to 50 kΩ, reducing the sensitivity of the sensor to electro-
magnetic noise and decreasing the cutoff frequency. By using a conductive composite material, 
it is possible to modify the sheet resistance of the capacitor’s electrodes to better accommodate 
the interrogation frequency capabilities of the LCR measurement system or vice versa. The sili-
cone foam was fabricated by mixing silicone elastomer (DragonSkin 10 Slow, Smooth-On) with 
various sizes of sugar spheres (Suglets, Colorcon) to create a very soft, open-cell foam. We mixed 
40 g silicone with 120 g of sugar spheres with diameters between 500-1700 μm and then pressed 
the mixture into a 4 mm deep frame to form a large, thick sheet. After the silicone cured, the 
sheet was submerged in 80o C water for 6 hours to cause the sugar to dissolve out of the foam, 
changing the water every hour. After allowing the water to evaporate from the pores, the foam 
sheet was adhered on both sides to the conductive composite film using a thin silicone glue layer. 
The final area of the capacitive sensor was cut manually using a precision knife. In addition to the 
customizability of the electrode sheet resistance, the unit capacitance of the sensor sheet can be 
modified by changing the thickness of the silicone dielectric foam. Furthermore, the stiffness of 
the foam can be tuned by changing the ratio of sugar spheres to silicone or by choosing silicones 
of different stiffnesses. 
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Analytical model 

The sensor is modeled as a network of coupled resistances and capacitances spread across the 
sensor plane [134]. For our application, our goal was to locate the pressure point that is effectively 
changing the overall sensor capacitance. The model was developed by dividing the sensor into 
infinitesimally small 1-dimensional resistive and capacitive components (Figure 2:14 (a)) spread 
over the length of the sensor (Figure 2:14 (b)). The voltage and the current equations for modeling 
the sensor can then be derived from the Telegrapher’s equations on an electrical transmission 
line [134] as follows: 

Equation 2:10 

where, x is the distance from the voltage application point and R, L, C, and G are the characteristic 
values for line components per unit length. In the case of our sensor, we have a negligible in-
ductance(L ≈ 0) and trans-conductance (G ≈ 0) (Figure 2(a)). Combining Eq. 2:10, we obtain the 
full form of the equations as: 

 
 

 Equation 2:11 

where, the propagation constant, γ = α + jβ = √ jωRC. The sensor with length l can be divided 
into n virtual sensor pixels, each represented as an RC couple (Figure 2:14 (b)). In order to distin-
guish the pressing of each individual pixel, we need at least n−1 interrogation frequencies. We 
chose the interrogation frequencies ({f1, .fi , .fn}) to be the frequencies at which the diffusing volt-
age wave at distances xi = il/n for i ∈ 1 : n (i.e., the distance between the interface and the “end” 
of each pixel) is attenuated to half power. The attenuation factor, α, for the diffusing voltage wave 
is: 

 
α(f)= e(−Re(γ)x) = e(− πRCfx)   Equation 2:12 

Hence, the attenuation functions for each pixel end point I in an 1 × n pixel sensor are: 

αi(f)= e(−Re(γ)xi) = e(− πRCfxi) ∀i ∈ 1: n  Equation 2:13 
 

At half power attenuation, αi = 1/ 2, and thus the interrogation frequencies can be calculated as: 

 

 Equation 2:14  

The interrogation frequencies fi were obtained for our 1D sensor prototype (Figure 2:14(a)), with 
dimensions 100mm × 20mm, the series resistance of 50kΩ/mm, and capacitance of 108 f F/mm. 
The plots of αi(f) for the 1x3, 1x4, and 1x5 pixel sensor networks are shown in Figure 2:14 (c). The 
interrogation frequencies corresponding to where αi = 1/ √ 2 were used in the following experi-
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mental section to obtain the features like Resistance and/capacitance at these interrogation fre-
quencies. These recorded features will be then used to train a machine learning model for classi-
fication of intercepted pressure location based on collected dataset.  

 

Experimental Results  

We performed a series of experiments to evaluate the proposed method for localizing point pres-
sures. Six total configurations were tested: 1 × n sensor strip and n × n sensor skin, and by dis-
cretization, the full-length l into 3, 4, and 5 (virtual) pixels. In each test, we applied a 2 mm dis-
placement to each pixel to double the capacitance of each pressed region. We then performed 
frequency measurements at all fi for 1 × n (∀ n ∈ 3 : 5) pixel sensor array while recording the Rs 
and Cp values using an LCR meter (Hioki IM3253). Six repetitions of the frequency sweep for each 
pixel were obtained to form a feature-rich dataset. We then input these datasets (fi , Rs(fi), Cp(fi)∀fi) 
into a multi-class kernel support vector machine (KSVM) to generate a model to classify which 
pixel (1×n sensor strip) or pixel column (n × n sensor skin reduced to 1 × n sensor strip) was 
pressed. 

Machine learning (K-SVM classification). Support vectors machines are widely used in learning 
based classification to divide the dataset into separate classes. While standard SVMs are designed 
for linear classification between binary classes using a hyper-plane passing through maximal mar-
gin of separation between the two classes [135]. We require n-class classification for a 1xn pixe-
lated matrix. Furthermore, the non-linearity of Rs and Cp as a function of frequency (Figure 2:14 
(c)) demands a non-linear classifier model. Thus, we employed a multi-class K-SVM classification 
method for the pixel localization [136] using the error correcting output codes (ecoc) model in 
the Matlab Statistics and Machine Learning Toolbox (Mathworks). For each class (pressed pixel, 
i), the training data consisted of the Rs and Cp values measured in the interrogation frequency 
sweep. The SVM’s classification performance was assessed using a k-fold cross-validation model 
applied on the training data that randomly partitions the data into k sets where k − 1 sets was 
used to train the model and the remaining set was used for cross-validation of the model. The 
accuracy of the model was reported as a confusion matrix, where the model’s predicted pixel 
(Output Class) was compared against the true pixel (Target Class). 

 
1 × n sensor stripe We first performed the experiments on a sensor strip that was discretized to 
form 1x3, 1x4, and 1x5 pixel arrays (Figure 2:15, top row). The data collected during these exper-
iments are shown in Figure 2:15, middle row. As reported in the analytical model, at lower fre-
quencies, the measured capacitance was found to be the same, regardless of which pixel is 
pressed. As the frequency increases, however, we begin to see differentiation in the capacitance 
depending on which pixel was pressed. When the first pixel is pressed, a larger capacitance (rel-
ative to an un-pressed sensor) is “seen” across all interrogation frequencies. However, when a 
more distant pixel i is pressed, at frequencies above the cutoff frequency fi, the effective length 
of the capacitor has shortened behind the pixel such that the pressed pixel is not “seen.” The 
multi-class KSVM showed nearly perfect performance in classifying which pixels were pressed. 
The confusion matrices (Figure 2:15 (bottom row)) show an overall classification percentage of 
100 % for the 1x3 and 1x4 tests and 96.7 % for the 1x5 test. In the 1x5 test, the error was in 
misclassifying the 4th and 5th pixels. This result can be directly observed in the capacitance vs. 
frequency plot for the 1x5 case which shows prominent overlapping between the curves of the 
two most distal pixels.  
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 n × n sensor skin We expanded upon the 1 × n experiments to n × n sensor sheets discretized 
into 3x3, 4x4, and 5x5 pixel arrays (Figure 2:16). Our goal in this study was to correctly identify 
the column j in which a pixel (i, j) was pressed when probing from the y-axis. From the extension 
of the 1D analytical model to 2D, the cutoff frequencies were calculated to be identical to the 1D 
case. However, we found experimentally that the cutoff frequencies (i.e., where there were maxi-
mal differences in measured Cp and Rs depending on which column’s pixel was pressed) were in 
fact five times higher, ranging from 1kHz to 200kHz. We, therefore, interrogated the sensor at 20 
frequencies logarithmically spaced between 1kHz and 200kHz to create an even more feature- 

 

 

Figure 2:17 Single dimensional 1×n sensor strip experiments. (Top row) Photos of the same 1×n sensor 
with differently sized pressure applicators to create 1x3, 1x4, and 1x5 pixel arrays, from left to right. (Middle 
row) Plots of capacitance over a frequency sweep while different pixels are pressed. (Bottom row) Confusion 
matrices are used to evaluate the efficacy of the support vector machine in classifying each pixel press. An 
extra class (0) representing “No pixel pressed” in 1x3 confusion matrix shows that the model can detect 
when a pixel is pressed. 

 
rich dataset with which to build the classification model. The results for training and prediction 
for 1xn th column classification are presented in Figure 4(c). It is important to note that the 2D 
classification results have n times lower sensitivity as 1D example. Use of 20 interrogation fre-
quencies and feature extraction from both resistance and capacitance change of the sensor sheet 
improved the classification from ≈ 60% using 10 frequencies to >90% for the 3x3 and 4x4 matri-
ces. As the pixel size reduces, the change in capacitance from pressing a pixel relative to the 
overall sensor capacitance decreases. The reduction in sensitivity results in a lower classification 
accuracy wherein the misclassified pixels are predicted to be in one of the adjacent columns 
(Figure 4(c) 5x5). We observe that the classification accuracy decreases at pixels furthest away 
from the interface, where the sensitivity of the measurement method is lowest. The performance 
degradation becomes even more evident as we increase the resolution beyond the 5x5 matrix, at 
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which point the limits of the current measurement system are reached. By superimposing meas-
urements and classifications from interrogating at both the x- and y-axes, improved classification 
of pixel location can be obtained. 

 

 

Figure 2:18 (a) Photo of the 2D sensor sheet with a pressure applicator for the 5x5 pixel discretization. The 
foil protruding under the wood frame along the left and bottom edges was used to interface the LCR meter 
to the sensor electrodes. The index nomenclature is overlaid on top. (b) Frequency responses of Rs and Cp 
measured in the 3x3 matrix experiments. (c) Confusion matrices for the 3x3, 4x4, and 5x5 sensor configura-
tions, respectively, after training using a multi-class support vector machine. An extra class (0) representing 
“No pixel pressed” was added solely to the 3x3 classification 

Discussion 

In comparison to a sensing region composed of n × n discrete sensors, the proposed approach 
greatly simplifies fabrication and drastically reduces the number of interfaces from n2 to just two, 
facilitating integration of surface pressure measurement in soft robots. We demonstrated that 
pressures could be localized by interrogating the sensor at multiple frequencies to record the Cp 
and Rs values, and inputting those measurements into a trained kernel support vector machine 
to report the location of pressure in both 1×n and n×n pixel arrays. We used a KSVM to perform 
non-linear, multi-class classification that yielded excellent results in both the 1 × n and n × n pixel 
arrays.  

From this preliminary study, there are many directions in which to take this work: improving lo-
calization accuracy in the 2D case, investigating the spatial resolution and load sensitivity of the 
system, further testing using differently shaped objects and non-flat surfaces, and measurement 
of multiple contact points by interrogating from more than two interface locations. To improve 
the localization accuracy within a 2D array, we found preliminary results that showed that the 
KSVM could also be used to predict the pressure location in rows (i) orthogonal to the interface 
(y-axis), in addition to columns (j). While the accuracy of this model expectedly is lower, the results 
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nonetheless demonstrated that there is further information encoded in the Rs and Cp values 
gathered from a single interface beyond just the localization within columns parallel to the inter-
face. Thus, we hypothesize that we can utilize the two sets of Rs and Cp values gathered by 
interrogating from the two axes to train four KSVMs and then convolve the KSVM models to 
improve localization accuracy. Furthermore, we would like to investigate the sensitivity of the 
system in terms of the spatial resolution. As we found in our 2D experiments, the sensitivity of 
the pressure sensor reduces as we travel away from the interface. A sensitivity and information 
theoretic analysis [121] would provide information on the pixel size limits, based upon the mag-
nitude of the smallest measurable capacitance change, as a function of distance from the inter-
face.  

In terms of implementation on a soft robotic system, there remain several open questions in 
using this system. These opportunities include measurement of continuous values of pressure, 
localization of multiple contact points, identification of pressure application with non-square 
shapes, implementation of the sensor on curved surfaces, and investigating the effect of stretch 
on the system. The methods that we have presented in utilizing a soft, capacitive sensor skin to 
localize pressure application leverages the unique properties of a large-area, deformable capac-
itor while providing the benefits of monolithic fabrication, more efficient interfacing, and a more 
physically robust device. This approach enables applications beyond soft roboticists to more eas-
ily determine interactions between soft robot systems and their surroundings, by distributing 
contact pressure sensing across any surface. 
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2.5 FEA methods to model SPAs and SPA-skin 
Increasing focus in human-cantered technology has been fueling research in soft technologies. 
Softness of material results in several inherent advantages such as light-weight, compliance, safe 
physical human-robot interaction. It is not enough to only rely on the intuition and rapid proto-
typing techniques for SPA fabrication especially when the requirements demand specific output 
forces or displacement. Modeling hyper-elastic materials is a complex process that hinders the 
analytical analysis of SPA behavior in simulation. However, the advent of modern computational 
analysis methods can simulate non-linear material behaviors using Finite Element Analysis. In this 
section, we present a comprehensive open-source simulation and design tool for Soft pneumatic 
actuators (SPAs) using finite element method, compatible and extensible to a diverse range of 
soft materials and design parameters.  

In this section a thorough characterization of the hyperelastic and viscoelastic behavior is illus-
trated using a sample soft material (Ecoflex 00_30), and an appropriate material constitutive law. 
SPA performance (displacement and blocked-force) are simulated for two types of SPA and vali-
dated with experimental testing. Real-world case studies are presented in which SPA designs are 
iteratively optimized through simulation to meet specified performance criteria and geometric 
constraints. Followed by these, we present adaptation of this open-source scripts of spa-design-
tool [13] to develop and extend the SPA Modeling to Elastosil and Dragon-skin 30. We then 
obtain the sub-sequent hyper elastic material model parameters and simulate the geometries for 
a Vacuum-SPA [58] and SPA-skin (ring shape). 

2.5.1 FEA based Modeling for SPA design 

The design tools which exist for PAMs [137], [138] are inapplicable to the new functionalities 
enabled by SPAs, and the existing literature on mathematical models for SPAs [139]–[142] ] lacks 
the necessary level of detail and accuracy. In this work we attempt to provide the engineering 
community with a cohesive simulation and design tool for SPAs, compatible and extensible to a 
diverse range of materials and design parameters.  

Numerical Modeling Finite element analysis of SPAs has often been limited to very specific ma-
terials, geometries, and applications [143]. ] The finite element method (FEM) has been applied 
to a Manta-like swimming robot,[144] ] a bending SPA for hand rehabilitation, [142], a miniature 
soft gripper, [145] and an SPA prototype mimicking the form and function of a human heart. 
[146]. Due to the complexity involved in modeling the extremely high strains, some of these 
models are based on inflated rubber matrix materials, [142], [144], [145], [147] ], while other stud-
ies have focused solely on fiber-reinforced elastic materials. [142], [148]. Currently, there is no 
modeling framework that is applicable to the commonly-used SPA configurations (bending and 
linear) and to multiple materials.[149]. Additionally, although the general hyperelastic behavior 
of soft materials is well understood, several researchers focus on the linear material response at 
small strains when capturing the mechanical behavior of SPAs. [141], [146]. Material laws such as 
the Mooney–Rivlin [145], [147], and Neo-Hookean [148] models are based on linear approxima-
tions of the strain invariants, and although they may be accurate in these low-strain regimes, the 
accuracy of these simplified models is highly limited at higher strains. [150]. Instead, a general 
hyperelastic model should be calibrated across a large range of realistic strains appropriate for 
the application. General hyperelastic models typically fall into two broad categories: phenome-
nological models based on descriptions of observed material behavior, and mechanistic models 



Soft wearable interfaces: design, characterization, and Modeling 

68 

derived from information about the underlying material structures. The Ogden [151] and Yeoh 
[150] models, as well as other polynomial-type models, [152] are widely used phenomenological 
models which can be expected to yield good results for soft materials. [153] Mechanistic models 
based on statistical mechanics, such as the Arruda–Boyce [154] and the Van-derWaals [155] mod-
els, may provide accurate solutions at smaller strains, but are not readily applicable to SPA mod-
eling, where more complex models are desired in order to capture the material behavior deter-
mined through multiple modes of experimental testing. Given these complexities, there are only 
a few examples of existing FEM SPA modeling research which have appropriately captured the 
non-linear, hyperelastic soft material behaviors, [142], [156] none of which have additionally con-
sidered the viscoelastic effects. While useful for the specific applications, those studies are limited 
to their selected geometry and material. 

Characterization of soft materials for Modeling 

The definition and application of suitable hyperelastic and viscoelastic models that fully capture 
the soft material behavior is critical for reliable, accurate simulations. In this section, both hyper-
elastic and viscoelastic properties of soft material are studied, and their effects on the final SPA 
modeling is discussed. Ecoflex 00–30 is used as the sample material, but the same procedure can 
be followed for other materials using the spa_hyperelastic_modeling and spa_viscoelastic_mod-
eling tools available as part of the spa_guided_design_tool. 

Determination of Hyperelastic Properties Hyperelastic material properties are typically deter-
mined through simple tests on small material samples, performed across a large range of relevant 
strains. The primary tests are tension and compression tests in the uniaxial, biaxial, and planar 
(plane stress) directions. As SPAs are not loaded in compression, those tests are not considered 
here. Additionally, while uniaxial and planar tests can be performed with standard test equipment, 
biaxial testing requires specialized equipment in order to achieve properly-equilibrated two di-
rectional strains. Therefore, only uniaxial and planar tests in tension are performed here. The 
spa_hyperelastic_modeling tools allow the user to choose from and evaluate multiple general 
hyperelastic constitutive laws which may be expected to produce reasonable results for a broad 
range of materials. After testing compatibility with the material data, the model ultimately se-
lected for this material is the Ogden model, defined by a strain energy potential function in the 
form: 

Equation 2:15 

 

The model can be used with any number of terms N, where mi and ai are the primary fitting 
parameters, multiplied by the three principal stretches l. The second summation term contains 
the Di fitting parameters to the volumetric deformation and the material Jacobian J. Without 
volumetric test data, the Di parameters may be estimated directly from a given Poisson ratio. The 
formulas for stress given strain can be determined for the different tests through differentiations 
of Equation 1 with the appropriate strain conditions. Once the experimental data are acquired, a 
least-squares fit of the stress–strain equations can be computed to determine the parameters of 
the hyperelastic model [157]. The uniaxial and planar data are plotted with this initial fit in Figure 
2:17a. After this fit has been calculated, an additional fitting step is taken in order to find the 
otherwise difficult to measure biaxial stress, resulting in the curves shown in Figure 2:17b. The 
additional fitting step is performed using an optimization loop which runs simulations of linear 
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actuators for free-displacement and blocked force and compares the results against experimental 
data.  

Ogden3 model coefficients after optimization are: m1 =0.024361, m2 = 6.6703105 , m3 = 4.5381104 , a1 
=1.7138, a2 =7.0679, a3 =3.3659, D1 =3.2587, D2 =D3= 0.0. All m terms are in units of N mm2, all a terms are 
dimensionless, and all D terms are in units of (N mm2). The predictions of the model for uniaxial, biaxial, and 
planar loading are plotted with the experimental data in Figure 2:17. 

 

. 

 
 

Figure 2:19 Stress–strain curves from hyperelastic material testing showing the Ogden fit with only the 
data gathered from a material testing (a), and an additional optimization process using the material testing 
data plus data from linear SPA displacements and forces (b). The optimization process uses the initial fit (a) 
as a starting point to iterate toward the desired actuator behavior. Experimental plots show representative 
data from the testing of multiple same-sized samples. 

 

Modeling of SPAs using the FEM and experimental validation  

We use the commercial FEM software Abaqus to calculate quasi-static solutions to model the 
response of SPAs under various pressure loadings. The quasi-static solution would improve the 
convergence of the model at high pressures (i.e., high strains) compared to a fully static solution, 
but requires some care to ensure that kinematic effects do not play a significant role. Here, a 
small amount of Rayleigh damping is applied to the model to keep kinetic effects to a minimum.  

The dynamics of the air and airflow into the chambers are disregarded, and the air pressure is  
modeled simply as an applied pressure boundary condition on the face of each internal surface, 
which ramps up linearly in pseudo-time from zero to the desired value. The actuator itself is 
modeled using quarter-symmetry (linear actuators) or half-symmetry (bending actuators) to re-
duce the computational cost. In this article, gravity is not considered in the model due to the very 
low masses of the actuators (<50 g). SPA properties are defined by the hyperelastic constitutive 
law determined in the previous section, along with the Ecoflex 00–30 Poisson’s ratio of 0.48 and 
density of 0.00107 g mm-3. We developed a tool, spa_create_geometry, which interfaces with 
Abaqus in order to automate the process of creating, meshing, and applying boundary conditions 
to a user-defined geometry.  
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As the functionality and performance of the actuators are directly dictated by the material, ge-
ometry, and boundary conditions, virtually infinite parameter combinations and design variations 
can be tested without having to produce individual prototypes. This design iteration process can 
be performed automatically using the spa_optimize_geometric_parameters tool. We prototyped 
actuators with the found parameters from the Modeling tool and compared their performance 
to the simulation results. The FEM model is validated against experimental data from two types 
of SPAs, for both displacement and blocked-force testing. The possible sources of error, in the 
actuators, in the experiments, and in the computational model, are investigated. 

Validation of Simulations for Linear Actuators Experimental data is collected for linear actua-
tors undergoing displacement and blocked-force testing. Computationally, these tests are mod-
eled using quarter-symmetry, with the initial inlet tube and the external face containing the inlet 
fixed in all directions.  

 

Figure 2:20 Linear SPAs. (A)Top: schematic of linear actuators and the geometric parameters relevant to the 
design of SPAs. Bottom-left: an 8 8_c4_w7 linear SPA under load at 35 kPa (after 2 s). Bottom right: a simu-
lation of an identical linear actuator. Note that linear actuators are modeled in quarter-symmetry, but are 
shown here in half-symmetry for easier viewing. (B) Comparison of simulation and experimental results for 
linear SPAs of various dimensions in displacement testing. Predictions are consistent with experimental val-
ues at low and medium pressures across the range of geometries tested. (C) Comparison of simulation and 
experimental results for linear actuators of various dimensions in blocked-force.  

Figure 2:18 shows a schematic of the linear SPA, along with a photo and simulation results of a 
four-chamber linear SPA under load. This particular sample is denoted with the short-hand no-
tation 8 8_c4_w7, referring to an actuator with 4 chambers of 8x8 mm2 cross-section, and a wall 
thickness of 7 mm. A desired pressure is applied as a constant load for 2 s and then released to 
ensure the non-bursting condition is captured. Figure 2:18b shows experimental results for six 
actuator samples of varying sizes fabricated using the same procedure in different batches. Dur-
ing linear actuator blocked-force testing, the displacements stabilizes during the first second of 
loading (unlike during displacement testing) and the pressure is maintained for 3 s before un-
loading. The results of the experiments and simulations are shown in Figure 2:18c. It can be seen 
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that the FEM results well-approximate the experimental results across a range of chamber sizes 
and wall thicknesses.  

Validation of Simulations for Bending Actuators Bending actuators are tested for bending-
angle, defined as shown in Figure 2:19, and blocked-force. This test is modeled using half-sym-
metry, and the SPA-infused silk membrane uses silk material properties on 0.5 mm-thick mem-
brane elements, which have no bending resistance. Results for the bending actuator bending-
angle tests are shown in Figure 2:19b. The simulations capture the behavior at low pressure as 
well as the trends at high pressure where the significant rotation occurs. Note that under the 
loading conditions here, the bending actuators do not experience the bursting seen in the linear 
actuators; the bending actuators are stable at each pressure presented here, despite the high 
displacements. 

The blocked-force testing for the bending actuators requires a specific setup in order to measure 
the desired force without unnecessarily constricting the bending motion which occurs during 
loading. The simulations functionally mirror this setup, with the proximal end fixed and the distal 
end of the bending actuator allowed to slide friction-free across the load-cell. The bending actu-
ator blocked-force results in Figure 2:19c predict the trends from the experiments, although the 
simulations predict the rapid increase in force approximately 5 kPa earlier than seen in experi-
ments: small bending resistance in the inextensible layer and friction in the experimental setup 
defects could be the main factors. 

 

 

Figure 2:21 Bending actuators. (A) Left: maximum principal Von Mises stresses for a bending actuator in 
displacement testing at 45 kPa (8x8_c5_w7). Top right: a 8x8_c5_w7 bending SPA while loaded at 45 kPa. 
Bottom right corner: cross-sectional diagram of a bending SPA in the initial and bent configurations. u is 
the bending angle. (B) Comparison of simulation and experimental results for bending actuators of various 
dimensions in bending-angle (B) and blocked-force (C) testings. The simulations match the experimental 
results at low pressures and capture the experimental trends at high pressures where significant rotation 
occurs.  
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Conclusions 
We have presented a computational tool and its experimentally validated results for the design 
and characterization of complex hyper-viscoelastic SPAs. This tool can aid researchers in solving 
challenging and time-consuming questions related to material choice and/or actuator design 
without requiring expertise in mechanical engineering, materials science, or robotics. The 
spa_guided_design_tool enables the engineering community to model and optimize the mecha-
nistic properties of a wide range of SPA designs and to explore the universe of solutions created 
by the combination of geometric features and material choice. The validity and utility of the pro-
posed approach are shown through experimental comparisons of two distinct types of SPAs and 
two corresponding case studies with proven real-life applicability. Additionally, the spa_opti-
mize_geometric_parameters tool allows for automatic computational evaluation and optimiza-
tion of a design, enabling rapid discovery of non-evident high-performing SPA configurations.  

 

2.5.2 FEA modeling of V-SPAs: mechanical testing and constitutive material model 
fit  

Foam-based negative pressure-driven Vacuum SPAs or V-SPAs, are developed towards applica-
tions in modular and compliant soft robotics [40]. These are novel actuators that are supported 
by foam structures inside a thin layer of silicone material that collapses upon actuation of vacuum, 
creating a linear or bending motion based on the structure. Foam material, similar to soft silicones 
exhibits non-linear behavior making V-SPAs difficult to model using traditional analytical ap-
proaches. However, by combining the hyper-elastic modeling techniques of spa-design-tool 
scripts with the material data from foam, it is possible to simulate the V-SPA behavior and further 
optimize it for specific applications. 

Hence, computational modeling was done by using Finite Element Analysis (FEA) in 
ABAQUS/Standard (Simulia, Dassault Systems) to simulate the performance of the V-SPAs. 3-D 
models were created for the individual modules as well as for the entire assistive device. Models 
were developed to simulate both the linear and the bending modes of motion obtainable with 
each module. The details of the models are described in [58]. To model the highly non-linear 
mechanical behavior of the foam actuator body, an appropriate constitutive model needs to be 
used. Hyperfoam materials are typically highly compressible. After testing compatibility with the 
material data, the model ultimately selected for the foam used to build the modules was the 
Hyperfoam model. The Abaqus Hyperfoam model is a nonlinear, isotropic material model that is 
valid for cellular solids with porosity that permits large volumetric changes, and is suitable for 
hyperelastic foams. Material properties were determined through multiple tests on small material 
samples, performed across a large range of relevant strains. The types of experimental data that 
are used for modeling foam materials include uniaxial, biaxial, planar, simple shear and volumet-
ric. Since the actuator module under current study is primarily designed for loading in compres-
sion and bending, multiple cycles of uniaxial compression tests and simple shear tests were per-
formed (shown in Figure 2:20). The Hyperfoam model is defined by a strain energy potential 
function (U) in the form: 
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Figure 2:22 Stress-strain data for polyurethane foam samples undergoing mechanical testing under 
diferent modes of deformation. (a) Stress-strain data from uniaxial compression tests at different strain 
rates. The sample undergoes compression up to 80% of its original volume. (b) Cyclic test results in uniaxial 
compression. (c) Test results from simple shear testing. (d) Uniaxial tension test results. (e, f) Stress relaxation 
test results showing the decay of strain and stress vs. time, respectively 

The model can be used with any number of terms N, where μ, α and β are the primary fitting 
parameters. The independent variables λ1, λ2 and λ3 are the three principal stretches and are re-
lated to the strain in a continuum. The term J el is the elastic volume ratio, and is a function of the 
principal stretches. The β i parameters may be estimated directly from a given Poisson ratio, ν. 
The formulas for stress given strain can be determined for the different tests through differenti-
ations of1 with the appropriate strain conditions. A material density of 0.0378 g/cm3, calculated 
experimentally using mass and volume measurements is assumed for the foam in the model.  

In addition, time-dependent behavior of the foam within the duration of the loading is taken into 
account by incorporating viscoelastic effects into the model. To accomplish this, stress relaxation 
data is gathered to study the decay of the shear modulus as a function of time. To perform stress 
relaxation testing, a high tensile compressive strain is rapidly applied to a test specimen and held 
constant for a period of time, during which the stress is measured. The testing is carried out on a 
20 mm cube sample of the foam. Cross-sectional area of sample is 400 mm2. Testing is carried 
out by compressing the sample upto 80% of its original volume, waiting for 10 seconds and ob-
serving the decay of stress at constant strain input (shown in Figure 2:20 e,f). Then the sample is 
taken back to its original position. This procedure is repeated multiple times. The decay of the 
stress is recorded as the material relaxes internally and then fit to the Prony series mathematical 
model in Abaqus.  

Since the foam-based actuator chambers are designed to undergo rapid deformations over mul-
tiple loading sequences, the foam material samples were also subjected to cyclic loading tests to 
understand and incorporate the stress-strain behavior of the samples over repetitive loading 
conditions. Permanent deformations were observed in the foam after loading for a few cycles. 
Thus, the samples were conditioned for 20 cycles before the stress-strain curve saturated to a 
repeatable level. The saturated stress-strain curves were then used as an input to the FE model 
to capture the module behavior post multiple cycles of loading and predict the long-term oper-
ation performance obtainable. Using the above described sets of experimental data as an input, 
the coefficients of the material model were calculated using the in-built functionality in AbaqusTM. 
These fitted coefficients for the material model were then directly used in the simulations without 

https://www.nature.com/articles/s41598-017-14220-3#ref-CR1
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any further changes. The coefficients thus obtained are reported in Table 2:3 for the Hyperfoam 
model fit.  

Table 2:4 Hyperfoam Model Coefficients 

To model the non-linear behavior of the reinforcement skin material (Elastosil), an incompressi-
ble, hyperelastic model was used. The Yeoh material model [150] was used to describe the me-
chanical behavior of the skin. The material coefficients used for this model 
were C 1 = 0.11 MPa, C 2 = 0.02 MPa [142]. A material density of 1.07 g/cm3 is assumed for Elas-
tosil in the model. In the simulations, a tie constraint is imposed between the inner surface of the 
skin and the outer surface of the foam body along the entire circumference of the module to 
replicate this adhesive contact between the two interacting surfaces. 

 

Figure 2:23 V-SPA module with hyper-foam model simulation and experimental prototype (A) Image 
of the module exhibiting linear displacement profile with all chambers subjected to vacuum pressure. (B) Im-
age of module exhibiting bending motion profile with two chambers subjected to vacuum pressure. 
(C,D) Simulation results for linear and bending tests for V-SPA module. 

Conclusions 
The results obtained for actuator modules which deliver bending and linear displacement profiles 
using the same platform, depending on the actuator loading conditions. The motion profiles 
achieved with the modules are shown to qualitatively verify the buckling of the V-SPA. Accurate 
and experimentally validated computational models have been developed using FEM for the ac-
tuator modules as well as for the assembled device. Such a FEM model enable the simulation of 
the actuator and device performance under a variety of different loading scenarios and provides 
predictions on their capabilities prior to fabrication. Also, The stress concentration regions indi-
cated in the simulations provide useful information regarding the design of the system and its 
failure regime.  
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2.5.3 Optimization for SPA-skin geometry for uniform force with high bandwidth 

In section 2.5.1 we demonstrated iterative design process for two different linear and bending 
type of SPAs using FEA based tool. These actuators were designed extensively using Ecoflex 
30®[100] material and the modeling script for material optimization are limited to traditional 
SPA-geometry. In this section, however we use a new material Dragon-skin 30®[158] with higher 
shore hardness which, is yet to characterized using Ogden-3 or Ogden-6 model in spa-design-
tool and simulate different actuator designs for SPA-skin and experimentally validate them. 

The objective here is to obtain a uniform inflation across the actuation area with minimum vol-
ume, so that the actuation bandwidth can be maximized without letting go on the output force. 
This design is ideally suited for generation of high-fidelity tactile stimulation including sub-
threshold stochastic tactile stimulation, which requires a random pink noise input to be given to 
these actuators in the range of 20- 120 Hz for a specific study we intend to use the SPA-skin for 
[159], [160].  

 

For the SPA simulation, we first characterized the Dragon skin 30 material with 3 planer and 5 
dog bone samples according to ISTM standards to obtain the Ogden3 and polynomial data fit 
with 0.98 and 0.99 accuracy, which was not possible with the other models like Yeoh [150]. The 
material characterization data and the output of model fit is shown in Figure 2:22 and Figure 4:5. 

The 3D model in Abaqus design tool consists of 0.4 mm thickness SPA-layers, then inflated tho-
rugh a 50 um thick air channel inside to a static pressure input until The SPAs consist of two 
stretchable silicone layers (thickness 0.4 mm, Dragon Skin 30, Smooth On Inc., Macungie, PA, 
USA) interleaved with a customizable matrix that creates an inflatable cavity. Mesh refinements 
of different sizes were conducted to ensure stability of the results 

 
Figure 2:24 SPA-skin FEA Modeling and experimental validation. (A) Dogbone and planer samples for 
DS 30 characterization. Multi specimen characterization stress-strain curve for Dragon Skin 30® (B). Quarter 
geometry simulation results for SPA-skin ring-shaped design (C) and the inflation measurements at four 
different points displaying uniform levels of inflation that matched with experimental values (D). 
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We created various SPA-skin with different geometries to cover the maximum area with high 
bandwidth of actuation. This also allowed us to validate the rapid validation nature of the simu-
lation environment for future applications where we do not necessarily have to validate each 
design choice through fabrication and testing. Figure 2:23 shows the physical designs and simu-
lated versions of the prototype samples. At the end, we selected a bubble-shaped and a ring 
shape actuator for application where high force is needed and where wide bandwidth is needed, 
respectively.  

 

 

 

Figure 2:25 SPA-skin FEA based design for uniform inflation based on material datal for Dragon-skin 
30 ®. Top: bubble-tree (A), bubble-duct (B), channel (C) and ring (D) shaped SPA structures. In the final 
application, we implemented the latter design. Bottom-row: static inflation simulation of the ring structure 
for a pressure of P = 50 kPa above ambient. Material properties were approximated as linear elastic with 
Young’s modulus E = 500 kPa, Poison’s ratio = 0:49 and density=1080 Kgm3 . Bottom-right: Non-inflated 
(left) and inflated (right) state of the ring actuator shape. Our design supports very uniform and small infla-
tion amplitudes covering a large area. 

 

2.5.4 Actuator fabrication and dynamic characterization: 

Effect of shape and thickness: These selected ring and bubble shapes of actuators were further 
developed, while keeping the actuation area constant with different thickness and extensively 
tested for variation in frequency and amplitude to measure the actuation in terms of output 
blocked force and inflation-height. Actuators were placed below the force sensor and inflated 
with different pressures and frequencies. The bubble actuator achieved 2.8 N of output force, 
whereas the ring actuator could achieve a little lower than 2.5 N of output force for 800 um 
thickness. Whereas in these cases the bandwidth shifts from ~40 Hz to ~60 Hz i.e. by 50% for 
12% reduction in output blocked force. The numbers follow similar trend for 1200 um thickness 
with 25-30% lower output force as seen from  
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Figure 2:26 Blocked force behavior over the different pressure and frequency combinations for (A) ring 
shape, and (B) bubble shape SPA-skin. Higher pressures lead to higher inflation forces, whereas higher fre-
quencies decrease the time available to inflate the actuator cavity completely thus reducing the maximum 
force. Both actuators show an approximately linear relationship between the thickness and the maximum 
force.  

2.6 Discussion: soft wearable interfaces using SPA-skin 
In this chapter, we introduced a unique, compliant, and distributable actuation system with an 
embedded grid of sensing capabilities. Additionally, the distributed sensing and actuation loca-
tions with high customizability makes the SPA-skin more versatile to accommodate multiple con-
figurations for wearable applications. 

Wearable interface design: Owing to the softness and flexibility of soft materials, SPA-skin can 
cover wide and curvy surfaces for actuation and sensing. Furthermore, it can acts as both an input 
and output device that produces modulating vibrotactile feedback over a range of frequencies. 
The ability of producing moderate to high output forces above 0.1 N at 100 Hz, make SPA-skin 
uniquely suitable for generation of complex tactile feedback that is necessary to emulate realis-
tically features of object in nature. 

 

Figure 2:27 Development of state of art fingertip wearable soft tactile displays for high-band-
width, low-profile design. The soft wearable displays are mainly driven using SPA (B,C) or high-
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voltage DEA based actuation (A,D,E) [66], [70], [65]. The years reflect first fingertip wearable ver-
sion followed by the bandwidth, output force and compactness.  

Figure 2:27 shows, how the SPA skin performance compares with existing wearable soft tactile 
interfaces. Over past few years, the state of art in compliant tactile displays evolved to provide 
wider range of complex tactile feedback while maintaining the low profile, soft wearable design. 
SPA-skin maintained a low profile design with wide bandwidth of actuation with cut-off frequency 
in excess of 100 Hz with the recent ring shaped designed 1N of output force for 6 mm actuator 
diameter. The recent development in HAXEL actuator can reach up to 300 mN of output force at 
80 Hz while introducing a multimodal feedback using EAP technology. 

Embedded sensing:  The traditionally available tactile feedback devices are mainly open-loop in 
control, which allows them to be cost effective as well as a simple to implement. This also works 
well for generation of simple tactile feedback, especially considering human skin itself not being 
very accurate for sensory perception. However, in order to have a coherent feedback, specifically 
with a soft compliant actuator, which would not be able to produce intended feedback, under 
loading, a closed loop control is needed. Addition of sensing layer also helps to better understand 
the surrounding environment for robotic interface to augment the extended input-interface ca-
pabilities. 

We implemented embedded sensing using two technologies while maintaining the low profile 
and wearability aspect. The localized sensing help SPA-skin to precisely sense vibration and to 
detect external forces and contacts. The novel methods of sensor manufacturing allows placing 
a grid of sensor electrodes over a surface. However, these capabilities are limited by the tethered 
wires that create a noisy environment. Digital filtering becomes necessary, as the sensed signal 
amplitude is comparable to the line noise captured by the long-running wires acting as an an-
tenna. Furthermore, in case of the PZT sensor-based sensing layer provides active sensing with 
high-sensitivity and ultra-thin fabrication. However, it is limited to the flexibility of connecting 
electrodes and can only measure dynamic changes in interaction forces. The design of sensor 
electrodes allow for some degree of stretachbility for tight fit on user’s body, however as the size 
of actuator increases above 5 mm, the SPA inflation will cause shear stress accumulation at the 
rigid-sensor interface that would lead for delamination with current 2x2 mm2 sensor pixel size. 
To tackle these challenges we updated the SPA-skin design further to create not only a composite 
and conformant but also a stretchable and monolithic interface with integrated liquid metal sen-
sors as discussed in Section 2.3. The high-speed data acquisition circuit, plasma bonded mono-
lithic fabrication combined with geometrical bi-axial strain modelling yields an accurate meas-
urement of inflation height. These sensors are designed to be worn for applications like a virtual 
or augmented reality gloves that raises practical concerns like lack of touch sensitivity due to 
SPA-skin interface coming in between user and physical environment. The change of temperature 
of the objects being touched by the wearer also would affect adversely as the thermal conduc-
tivity of GaIn metal is very high. We need to address these challenges possibly through simulating 
the interaction by amplifying the recorded forces by PZT/GaIn sensors through SPA actuation for 
a virtually transparent augmented interaction of user with surrounding environment, and using a 
sacrificial strain gauge with the pressure sensing liquid metal sensor for differentiating the tem-
perature variation from pressure application. 
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Portability and pneumatic actuation: The choice of pneumatic actuation in the range of 
mesoscale wearable applications is motivated with high-force actuation and physical decoupling 
of actuator from actuation source. The available soft pneumatically actuated systems still suffer 
from bulky compressors powering these SPAs. One solution to achieve portability is use of high-
pressure rechargeable cartridge for powering SPAs, which is controlled through miniature regu-
lators and control valves. Currently, we focused on creating a portable solution to take SPA-skin 
from lab to the real world application by optimizing each possible component through material 
characterization (Section 2.4), SPA-shape optimization (Section 2.5.3) towards system level inte-
gration with tubing and pneumatic flow optimization as discussed later in Chapter 4.  

Furthermore, currently an individual SPA requires an individual pneumatic supply line, making it 
difficult to scale or miniaturise the system beyond a certain point. We envision integration of 
novel valve technology would help reducing the number of wires, which I develop later in Section 
4.2. Particularly, if it is needed to produce a portable and wearable solution with very high-reso-
lution there are trade-offs to be made between output force, bandwidth of actuation, and exter-
nal power requirements like high-voltage or bulky power-supply. Finally, we use SPA-skin tech-
nology coupled with plug-n-play pneumatic controller as a wearable tactile feedback platform to 
better understand human sense of touch and cues for improved tactile feedback in Chapter 5. 
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 Control strategies for weara-
ble soft interfaces 
3.1 Introduction 
Tactile feedback plays an important role in human-robot interaction. The human sense of touch, 
or tactile perception, consists of multiple experiences, which can be categorized as rough texture, 
fine-texture, lateral friction, size, temperature or weight [161]–[163]. In order to successfully rec-
reate a realistic feeling of touch in a virtual environment, a tactile feedback device should be able 
to integrate more than one of these multi-modal sensations[163].  

Researchers have characterized, modeled and rendered tactile properties such as surface texture 
and hardness on tabletop interfaces [62], [161], [162]. It is particularly challenging to develop a 
wearable tactile-feedback device able to generate texture feedback, as this requires delivering a 
wide range of actuation frequencies. Recent technological effort in wearable prototypes relied 
heavily on the use of vibrotactile electromechanical actuators; however, their localization capa-
bility and the range of actuation frequencies remain restricted. Use of voice coil actuators at the 
finger tips[164]–[166] or the proximal phalanges[167] helped to improve the actuation range; 
however, this actuator solution is impractical in terms of size and weight needed to achieve a 
reasonable spatial resolution. Dielectric elastomer actuator (DEA) – based haptic devices com-
bined with a wearable platform supply the much-needed mechanical compliance with human 
skin [70], [168]. However, they have a high voltage requirement and provide limited actuation 
forces in the range of 0.3 - 0.6N. In conclusion, existing solutions for haptic feedback are com-
pelling for a defined range of frequencies and forces in the preset format of a tabletop or for a 
few wearable platforms. However, currently, there is no comprehensive solution or design that 
allows rendering a rich set of tactile feedback and actually verify the effectiveness of this physical 
feedback, especially in a wearable format. In fact, what is lacking is a low-profile platform, thin 
enough to be mechanically transparent, which not only provides high-fidelity tactile feedback but 
also allows fingers to be free for simultaneous and instantaneous environmental exploration. 

Similarly, translating a virtual object’s shape has been another principal focus of the haptics field. 
One way of recreating a shape is by actuating a 2.5D shape display, which consists of actuated 
pin arrays that can alter the heights of multiple pins in a grid [169]–[171]. Some of these devices 
not only render the shape but further expand possibilities by integrating force control for dy-
namic interpretation of force and stiffness of materials [172], [173]. Although these pin-based 
shape displays allow multi-point and multimodal cutaneous feedback for exploring virtual envi-
ronments, the interactions are limited to a plane and a modulated height - 2.5D experience. In 
addition, this type of shape display needs a large number of actuators (from 50 to several hun-
dred), which with a high aspect ratio (usually higher than 30) to map the shape of objects; this 
solution cannot be applied to a fully-3D environment. To generate shapes entirely in 3D, there 
are several interactive interfaces based on unconventional materials and actuators, such as soft 
pneumatic actuators[174]–[176], jamming materials[177], or shape memory materials[178], [179]. 
Shape generation, however, is still restricted by the number of actuators, despite a few model-
based designs achieving target shape with relatively small numbers of actuators[180], [181]. Some 
wearable/handheld devices[165], [166], [182], [183] provide an alternative solution for tangibly 
perceiving shapes and spatial information. They enable a more natural interaction and larger 
workspaces for shape exploration in contrast to tabletop devices, which have limited workspace. 
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In this chapter we discuss in detail intelligent control algorithms for controlled feedback from 
SPA skin 2 as well as integration of the interface with a comprehensive control environment for a 
multi-modal VR interactivity.  

We divide the control strategies for the soft interfaces in two groups: 

High level control environment: It involves the control environment as whole with virtual 
physics engine for interaction, human pose estimation, and commands being sent to 
various actuators. In this section, we present for the first time, the design of a compre-
hensive and coherent tactile information transfer system and an experimental protocol 
for validating the tactile feedback. Our approach utilizes a novel soft interactive interface 
linked to a soft malleable object. The soft interactive interface consists of a soft pneu-
matic actuator (SPA) layer integrated with PZT sensors or liquid metal GaIn sensor to 
form an SPA-skin, providing a wide range of controlled vibratory feedback to the finger-
tips. The control environment enable for a human-in-loop evaluation is critical for vali-
dating the tactile feedback at the interface and how well the human is integrated or 
immersed in the process. Here, the haptic-feedback loop is closed through the user’s 
actions (Figure 3:1 b,c), and comparison between the moldable object’s final shape and 
the intended virtual shape is a measure of the effectiveness of the SPA-skin platform. 

Low level closed-loop control: Here we develop closed loop controllers and filtering al-
gorithms based on the system models as developed in Chapter 2 to provide a controlled 
feedback to the wearer. The FEA based analysis helps in predicting the feedforward 
model, where as, filtered and signal conditioned sensor data is used for controlled error 
tracking for constant dynamic force or strain tracking. The controlled feedback then able 
to generate texture and auxiliary tactile response, bought about by actuation frequencies 
being proportional to the distance from the target shape, therefore guiding users to-
wards the intended shape.  

Overall, we explore the applicability of the SPA-skin as a tactile-feedback device in a set of ex-
periments that investigate a variety of haptic experiences, possible through the sensation of touch 
and tactile perception. We first begin with the low-level controllability and achieving a modular 
control for dynamic feedback for each sensor-actuator pair. 

The major contributions of the presented work are: 

1. A novel testbed and protocol design for validating the experience of rich haptic sensation 
(texture, size, and shape).  

                                                                 

The material presented in this chapter is adopted from following self-authored publications:  
[54] H. A. Sonar and J. Paik, “Soft Pneumatic Actuator Skin with Piezoelectric Sensors for Vibrotactile Feedback,” Front. Robot. AI, 
vol. 2, 2016, doi: 10.3389/frobt.2015.00038 
[55] H. A. Sonar, A. P. Gerratt, S. P. Lacour, and J. Paik, “Closed-loop haptic feedback control using a self-sensing soft pneumatic 
actuator skin,” Soft Robotics, vol. 7, no. 1, pp. 22–29, 2020. 
[184] H. A. Sonar, J.-L. Huang, and J. Paik, “Soft Touch using Soft Pneumatic Actuator–Skin as a Wearable Haptic Feedback Device,” Adv. 
Intell. Syst., vol. 3, no. 3, p. 2000168, 2021, 
 
Ϯ Physicalization: in this context, is defined as the process of transferring the digital data to a physical/tangible form that 
people can explore and communicate with[185]    
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2. A unique PZT sensor-embedded SPA-skin and system design for high bandwidth tactile feed-
back, noise isolation from skin contact, controlled feedback, and software decoupling to observe 
user interactions while closed-loop controlling the actuator. 

3. Using tactile cues to organically guide users to reconstruct simple planer shapes as a measure 
of the interaction response with the SPA-skin 

 

 

 

 

Figure 3:1Wearable soft interactive interface (a) A two-component system combining a wearable inter-
active SPA-skin with a passive soft playdough object to generate multi-experience tactile feedback of 
macro-surface textures, planar shapes, and size tracing. Multi-level tactile feedback is used for directed spa-
tial localization of planar virtual shapes via a: (b) Human motion side and (c) Haptic feedback-loop motion 
side. Human motion and haptic feedback-loop motion block diagrams illustrate the separate actions of the 
human and computer units. The wearable tactile interface triggers the human motion to help in physical 
shape rendering, physicalizationϮ, of the moldable test object (b). The haptic feedback motion loop senses 
the location of the human fingers and the contact with the test object boundaries to generate multi-level 
tactile feedback (c).  
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3.2 Distributed discrete PZT sensor integration, Modeling and con-
trol with SPA-skin 

3.2.1 SPA-skin control 

The SPA-skin consists of an array of actuators that produce the desired inflation for a specific 
pneumatic input pressure. Any hardware actuator, including DC motors, pneumatic regulators, 
and pressure valves, requires a feedback mechanism to accurately control the actuation. How-
ever, we rarely observe this in vibratory actuators (Precision Microdrives Ltd. 2015). When we 
require closed-loop control, it is not feasible to rely on human sensory perception for actuator 
tuning or comparison as sensory perception varies drastically from one person to another. The 
integration of sensing elements in SPA-skin provides the necessary feedback to allow for closed-
loop control of the vibration amplitude. In this section we evaluate the soft actuator’s dynamics 
and the response of the integrated PZT sensor to determine the operational bandwidth of SPA-
skin. This is followed by the design of a feedback controller to accurately control the vibrotactile 
stimulation with small disturbances. 

3.2.2 Operational bandwidth of SPA-skin 
Feedback through the physical interface is dictated by the level of the input frequency. There-
fore the system response of the SPA-skin was investigated for a variety of actuation frequencies 
to determine the actual operational bandwidth and effectiveness of the vibrotactile feedback. The 
signal conditioning circuit has a cut-off frequency of 86 Hz, so we recorded data for the actuator’s 
response between 10 - 90 Hz. The Figure [fig:bandwidth] shows the raw data recordings for a 
variety of frequencies at a constant input pressure. The actuator bandwidth obtained for the cur-
rent setup with a tube length of 50 cm, an inlet diameter of 1 mm and an actuation chamber of 
4 mm diameter is approximately 35 Hz. Ideally, this should limit the practical maximum control 
bandwidth for the vibrotactile feedback to 40 Hz. Human finger skin has sensitivity to vibrotactile 
stimuli of even lower amplitudes and forces [64] We experimentally obtained perceivable stimu-
lation and measurable variation in the sensor reading from an input pressure of 19 kPa onwards 
for the SPA-skin setup. The response of this minimum perceivable signal is shown in Figure 3:1 
together with the frequency response at nominal input pressure (70 kPa). We observe that even 
near the cutoff frequency, the amplitude of the nominal input signal is higher than the minimum 
perceivable amplitude for tactile sensation. This extends the operational bandwidth of the SPA 
actuator from 40 Hz to 90 Hz.  
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Figure 3:2 Frequency response of sensor integrated SPA-skin as measured by the control environment. 
The SPA-skin produces measurable vibrations from 19 kPa onwards of the regulator pressure. The SPA-skin 
amplitude response at 70 kPa is always above the minimum perceptible amplitude for the frequency range 
of 10 - 90 Hz. 

3.2.3 Controller for augmented vibratory actuation 

 
As the SPA-skin is composed of hyper-elastic material, the relationship between the input pres-
sure and the output amplitude of the actuator is non-linear by nature. Furthermore, minute fab-
rication defects can cause variations in the properties of the SPA-skin. This makes open loop 
control of the actuation amplitude impractical. We, therefore, present a closed-loop feedback 
system for accurate vibrotactile stimulation.  

We have an approximate model fit for the sensor-actuator system with first-order dynamics as 
discussed in Section 2.2.2. Assuming this linear range of operation PI(D) controller is implemented 
to demonstrate the active closed-loop feedback capability. The derivative term is zero to avoid 
noise amplification on discrete update of input signal (detected peak-value signal). The actuation 
amplitude is a function of the average pressure inside the inflated chamber. As the pressure reg-
ulator used in the setup has a time constant of 1.5 s, it can not be used for high-speed control of 
the input pressure. Instead, a high-speed on-off valve is added and its duty cycle is used as the 
control parameter for a desired average input pressure. The relationship between the percentage 
duty cycle and the maximum average pressure inside the actuation chamber is linear, independ-
ent of the frequency of actuation. The slope of this relationship is determined by the input pres-
sure from the regulator. As previously shown in Figure 2:3 the sensor response is linearly propor-
tional to the change is the normal applied force. Therefore, the sensor signal can be used to 
actively compensate for the deviation from the set point (SP) value. The PI control law for this 
system is as follows:  

 
 

 Equation 3:1 

In the digital domain for sampling time, Ts, Equation (4) becomes,  

 Equation 3:2 

and the corresponding difference equation for the controller is:  

Equation 3:3 

 

where, K1=KP+KIT1 and K2=−KP 

 



Control strategies for wearable soft interfaces 

85 

The PI gains are tuned to obtain a stable controller response over a range of operating frequen-
cies between 10 Hz and 90 Hz. For the current SPA-skin design, the set point value for a required 
blocked force ranges from 0 - 0.3 N, which translates to sensor readings of 0 - 300 mV. The 
experimental results for this closed-loop system are presented in Section 4 and demonstrate 
steady response for a given set point.  

3.2.4 Closed-loop control of the SPA-skin prototype with internal and external in-
puts  

In the first subsection, we evaluate the controller performance for desired step input for the input 
signal from SPA-skin’s actuation at two different frequencies. The second subsection demon-
strates the capability of the PZT sensors to detect external interaction forces and differentiate 
them from the internal vibrotactile actuation.  

Closed-loop control of the vibratory motors of SPA-Skin at 15 Hz and 70 Hz  
 

 

Figure 3:3 Closed-loop control results for the PI-controller. The SPA-skin is actuated at 15 Hz (A) and 70 
Hz (B) at a constant regulator pressure of 50 kPa to validate the controller performance over range of actu-
ation frequencies. The peak value envelope signal derived from the raw PZT sensor reading acts as a control 
signal to generate the desired duty cycle for the pneumatic valve.  

The haptic feedback research has yet to focus on controlling the vibratory actuation. Not only is 
there a lack of measurable setup in both actuator and sensor, but also it has been more interest-
ing to investigate on the vibrational effect upon the contact. In fact, it has been the human skin 
that served as the feedback mechanism in the loop. However, to understand and perceive the 
quantifiable effects of vibrations, we need to close-loop control the actuator. Because we already 
have the PZT sensors embedded within the actuator layer, we can use these PZT sensors to serve 
the double duty to control the actuation as well. To do this, we developed a PI based closed-loop 
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control to achieve active control over the vibration amplitude and consequently control the level 
of the vibrotactile feedback that will be perceived by the user. The peak value detected from PZT 
sensor signal during each on-off cycle of the output actuation is used as the input control signal. 
The digital controller takes control action as soon as a new peak value is available. The controller 
gains K1 and K2 (in Equation 3:3 ) are tuned in order to obtain a stable performance over a range 
of actuation frequencies without gain re-scheduling. The test results in Figure 3:3 show controller 
response for a set point step at a relatively lower vibration frequency of 15 Hz and at a relatively 
higher vibration frequency of 70 Hz. The controller output is used to drive the PWM duty cycle 
value of the on-off control valve which in turn change the average pressure inside actua-
tion chamber. It can also be observed from Figure 3:3 that in both tests the controller settles in 
less than 0.5 s. During our experiment, the controller minimized the disturbances originated from 
minor manufacturing defects, variation in inlet tube length, and external loading during actuator 
placement on human body.  

 

3.2.5 Detection of external interaction forces  

The sensing capability of SPA-skin is not only limited to vibrotactile actuation amplitude but also 
can further be used to detect external interaction forces. Currently there are very few haptic de-
vices that can embed contact force sensors, which allows monitoring and controlling of the vi-
bration motors in a closed-loop. Therefore, the closed-loop controllable SPA-skin is even more 
suitable for the wearable application environments where it not only provides vibrotactile feed-
back but also measures the external forces the wearable body faces. As we only have a single 
sensor array for the contact input, we developed a decoupling algorithm to process the acquired 
PZT signal. We categorize the signal into two components, A) SPA-skin actuation and B) external 
interaction forces. External interactions are typically of low frequencies (<20 Hz) as observed from 
Figure 3:4(A). Therefore, we excited SPA-skin at a higher frequency (65 Hz) than frequency range 
of the external disturbance signal. The peak value detection algorithm uses the knowledge of 
actuation frequency to detect the PZT signal envelope. This detected envelope selectively sup-
presses the high frequency component due SPA-skin actuation and upon low pass filtering at 25 
Hz the component of the SPA skin actuation frequency is completely decoupled. The frequency 
spectrum of the peak value envelop signal (Figure 3:4 (A)) shows complete suppression of vibra-
tion frequency at 65 Hz and preservation of disturbance signal. This technique is similar to the 
diode detector or the square law detection algorithm used in recovering the amplitude modu-
lated (AM) signal [186]. 
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Figure 3:4 SPA-skin external signal detection. Frequency domain representation (A) of raw sensor signal 
and filtered peak value signal clearly demonstrates the capability to filter actuator vibrations and preserve 
disturbance signal. The external physical disturbances have interaction frequencies less than 20 Hz. Detec-
tion of external interaction due to finger tapping on previously actuated SPA-skin at 65 Hz (B). The force 
sensor data and filtered PZT data in (B) read comparable interaction force on positive impact-.  

 

The SPA-skin vibrating at 65 Hz is placed on top of a Nano-17 force sensor to record the external 
impact force. We tapped on the actuation area multiple times to provide the disturbance input. 
When finger is tapped on the vibrating SPA-skin an impulse is generated as shown in Figure 3:4 
(B) recorded by both the Nano-17 force sensor and the PZT sensors. As PZT sensors are embed-
ded inside the soft silicone structure, they can also sense an impulse in negative direction (Figure 
3:4 B)) on contact release. The rigid force sensor cannot not measure this interaction in the op-
posite direction. The force sensor measured 1 N impact force which is the coupled force of vi-
brotactile actuation and impact. The results obtained using force sensor are comparable with the 
dynamic interaction forces detected by PZT sensor though this requires initial calibration of the 
PZT sensor.  
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3.2.6 Conclusion 

We developed an algorithm to decouple the internal and external interaction signals to maximize 
the detectable range of forces including feedback control of the vibratory actuators. The peak 
value generated on sensor by step actuation of the SPA contains the information about the 
blocked force exerted by the single actuation cell on the sensor. The filtered sensor data is there-
fore recorded over a complete PWM on-time to measure the peak value. This value is used by 
the closed-loop controller to take the necessary control action. The detected peak value is up-
dated every period of the actuation frequency, limiting the control bandwidth to the frequency 
of SPA actuation. For the presented prototype, we concentrated on implementation of the con-
troller and external signal detection for a single sensor and actuator. The present hardware and 
micro-controller platform can simultaneously detect peak values up to 16 sensors and control 16 
actuators using independent feedback controllers at 1 kHz. The capabilities can be further ex-
tended based on the distributed sensing requirements. In near future more experiments will be 
carried out with variety of sensor and actuator sizes to evaluate the dynamic model and over all 
transfer function of the sensor integrated SPA-skin. Better techniques to minimize the noise 
through optimal shielding and robust filtering will be investigated. Efforts are being made to 
integrate the sensor embedded SPA-skin as a plug-and-play wearable vibrotactile component 
for a virtual reality system and a feedback mechanism for a rehabilitation device.  

 

3.3 Modeling and design of entirely soft actuation system  

3.3.1 Introduction 

The SPA-skin interface, a sensor and actuator laminate, is specifically designed to provide a con-
sistent vibrotactile feedback under variation of the input parameters: amplitude, vibratory fre-
quency, and external loading force (Figure 3:5). Amplitude and frequency are the inputs set by 
the user-need, while external loading is dictated by the environmental interactions and disturb-
ance. The sensor-integrated SPA compensates for these three inputs through an active closed-
loop feedback control. Here, a seamlessly integrated stretchable strain sensor measures the strain 
experienced upon the actuator inflation by the resistance change. This measurement provides an 
estimate of the actuator amplitude, which is then used to maintain the SPA inflation to the set 
point by actively controlling the input pressure. We also developed a custom data acquisition 
platform to enable strain sensing and actuation control at high-speed (1 kHz) to reliably cover 
the SPA actuation frequency from 0 to 100 Hz. 

We feedback controlled for the first time, an entirely soft haptic platform. We experimented this 
on an entirely soft design of SPA-skin, enabling flexible, conformal, and distributable interface 
over a variety of surfaces. In addition, the integrated sensing and active closed-loop control pro-
vide accurate modulation of actuation amplitude and frequency for rich feedback. In addition, as 
the closed-loop control also provided an accurate reading, the physical feedback is independent 
of any external loading.  
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Figure 3:5 Feedback control loop of entirely soft haptic system. The SPA-skin provides a highly conformal 
interface. A strain sensor of stretchable metallization can be used as the input to a feedback loop used to 
control the actuator inflation and exerted force. High-speed data acquisition allows strain sensing and ac-
tuation over a range of actuation frequencies from 0 to 100 Hz. 

3.3.2 Experimental setup 

High-speed actuation of SPA-skin demands a test setup that provides a high data rate resistance 
measurement and a low settling time pressure regulation. We required at least 1000 samples/sec-
ond of sensor resistance values in order to ensure reliable and accurate estimation of actuator 
state, as a digital control system needs at least 8-10 times more samples than the actual opera-
tional frequency of the system (100 Hz for SPA-skin). We developed a custom 16-bit high-speed 
data acquisition system with a low resistance multiplexer, A/DC (ADS8517, TI, USA) and an Ar-
duino microcontroller board that measured the sensor resistance at 1600 Hz per channel with 
0.4% accuracy (Figure 2:8b). The low resistance multiplexer reduced the effect of extra resistance 
added in the sensor resistance measurement. It was also necessary to have a pressure regulator 
that can react within 10 ms to be able to control the SPA-skin at 100 Hz of vibratory output. In 
practice, we obtained settling time of 20 ms with a piezo-actuator drive pressure for maximum 
pressure change from 0 to 100 kPa that allowed us to control SPA-skin up to 50 Hz. The Arduino 
microcontroller also directed the control commands to this piezo-pressure regulator to achieve 
the desired set point. The test setup is also equipped with an integrated pressure sensor 
(001BGAA5, Honeywell) and a laser interferometer (HG-C1030, Panasonic) to measure the SPA 
pressure and the inflation height, respectively. There is a micro-meter placed vertically and con-
nected to a high precision 3D force sensor (Nano 17, ATI industrial automation, USA) for applying 
controlled blocked force externally to simulate disturbances. 

3.3.3 Active control of the force exerted by the SPA-skin  

A coherent and responsive haptic feedback from deformable soft interfaces relies on explicit con-
trol of the actuation force and frequency, regardless of the loading conditions. If not, the wearer 
will feel unstable feedback depending on how the device is positioned. Hence, we demonstrated 
the closed-loop capabilities to actively adapt for the changes in the loading and provide a coher-
ent tactile feedback. We designed a setup which uses a 1 cm3 cube of Ecoflex 30 silicone [24] to 
simulate contact with the human skin, placed over the SPA-skin (a). Ecoflex 30 is selected as its 
compressive behavior is comparable with that of human skin [187]. 
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We have the relationship between the measured resistance and the biaxial strain on the system 
from the analytical model. Using the feedforward approach and assuming linear range of the 
operation, PID controller is developed to demonstrate the closed-loop control capabilities of the 
SPA-skin. During free, unloaded operation, the control loop easily achieved the arbitrary strain 
set points (Figure 3:6b). Additionally when external forces were introduced, the system continues 
to converge to the set point inflation, regardless of the pre-load (Figure 3:6c). The feedback from 
the embedded strain sensors guarantees the desired actuation, even when the external loading 
is an order of magnitude higher than the desired blocked-force produced by the SPA-skin (Figure 
3:6d). Eventually, as the loading increases, the system’s mechanical inertia increases, which leads 
to an increase in the overshoot in the control (Figure 3:6c). We tuned the PID gains conservatively 
to cover this fact and compensate for the overshoot, while degrading a little on the system set-
tling time. 

3.3.4 Conclusion  

For an effective wearable technology, we require an accurate understanding of the physical in-
teractions between the device and the wearer’s perception. We engineered a closed-loop control 
of an entirely soft wearable haptic platform over a wide range of vibrotactile feedback. We pro-  

Figure 3:6: Testbed for active closed-loop control. (a) Control flow diagram of the SPA-skin with a soft, 
skin-like material placed between the actuator and an external force sensor, simulating external loading 
of the sensor against skin. A Vernier scale controls the displacement, and therefore blocked force. 
(b) Controller tracking a sinusoidal perturbation of set point input at 15 Hz. (c) Controller performance 
under eight different loading conditions. The controller has a damped response at 3 N as the pressure 
required to achieve the set point exceeds the 40 kPa pressure controller safety limit. (d) Effect of loading 
on the SPA-skin performance when controlled using a pressure sensor and when using an integrated 
strain sensor to achieve a 0.25 N blocked force set point. 
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totyped a soft monolithic sensor integrated SPA with embedded sensing and actuation capabili-
ties, and with soft sensors that have no mechanical loading impact on the actuator. In addition, 
the SPA-skin produced forces up to 1 N with controllability of 0.05 N, and actuation dynamics of 
up to 100 Hz with controllability of 0.1 Hz; these are essential for providing a wide range of pro-
prioceptive feedback to the wearer. The system characterization of SPA-skin under continuous 
actuation and sensing showed robust and repeatable behavior over 1 million cycles thereby 
promising compatibility with “real life” wearable applications. We further demonstrated closed-
loop control capabilities of this SPA-skin system at 15 Hz sinusoidal vibration at 1 kHz control 
speed. The closed-loop controller, based on an analytical model of the system, uses the sensor 
resistance to control the average strain of the actuator and allow for generating uniform output 
force under different loading conditions. This allowed the wearer to feel a consistent feedback 
independent of the wearing conditions. Furthermore, the bidirectional operations of the SPA-skin 
platform offer a wearable system that can, not only be used for haptic feedback but also quanti-
fication of human proprioceptive capabilities for a range of frequencies.  

 

3.4 Virtual environments for multimodal wearable haptic feedback 
using SPA-skin 

3.4.1 System overview 

Many of today's virtual reality (VR) interfaces rely only on visual and auditory modes for the user 
interaction, limiting the user’s level of immersion due to lack of haptic feedback.  Developing a 
human-in-loop interactive system requires realistic tactile feedback producing an range of tactile 
experiences, such as perception of shape, size, surface-texture, and stiffness[162], [188]. Especially 
in the case of tactile exploration, texture and shape perception play inherent roles in gaining 
more information about the object being touched. Texture is perceived through the Meissner 
and Pacinian corpuscles (PC), which can detect variations in roughness and texture while contact-
ing the surface[27], [162]. The range of detection frequencies of Meissner and Pacinian corpuscles 
is from 10-40 Hz to 60-400 Hz, respectively with maximum sensitivities around 30 and 250 Hz, 
respectively. As these frequencies demand a high-fidelity response from a device with appropri-
ate actuation at the fingertips, only a few wearable platforms can currently render texture [ref]. 
Shape is the second fundamental property of an object necessary for human-computer interac-
tion both for input and output devices. The ability to interact bidirectionally with shapes is essen-
tial for applications such as computer-aided design (CAD) and interactive digital fabrication[189], 
[190]. Tabletop shape displays provide possibilities for bidirectional interaction[191], [192] that 
make both perception and creation of shapes accessible, while most of the wearable/handheld 
haptic research has mainly focused on just perceiving the direction of shapes.  

Indeed, shape perception is especially challenging for wearable devices due to the multi-modality 
of cutaneous sensation in bidirectional interaction, involving active exploration of the object’s 
surface linked to intended motion coupling (sensory-motor coupling). Sense of shape relies on 
both slowly adapting type 1 (SA1) and rapidly adapting (RA) afferents [193]. SA1 and RA afferents 
are two different types of mechano-receptive afferent fibers found in human skin, which convey 
tactile information. In addition, perceptions at these fibers have varied peak sensitivity frequen-
cies, not easy to integrate into a single wearable haptic system.  

Another uninvestigated problem is the way to quantify spatial or textural accuracy of haptic stim-
uli in wearable devices, despite the well-studied on precision of motion-tracking systems. There 
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is some research examining the potential of digital shape recreation using wearable haptic de-
vices in VR environments [194]. However, the possibility of both perceiving and recreating shapes 
in a single human-in-the-loop integrated haptic system has rarely been considered or quantita-
tively evaluated.   

Closing the haptic feedback loop with human action triggered by the tactile feedback would 
bring essential measures of applicability of the haptic feedback system and level of immersion. A 
platform, aware of human action and having active feedback control could be coupled to quan-
titative analysis of the integrated system.  

To achieve the broad range of tactile perception frequencies and active feedback control, we 
propose a two-component system (Figure 3:1) consisting of an active wearable component and 
a passive soft and pliable test object to tackle the challenges of multi-modal tactile exploration: 

Sensor-actuator bidirectional interface component: We used an interactive soft pneumatic actu-
ator (SPA)-skin with integrated hi-fidelity actuation and sensing capabilities as the active compo-
nent [195]. The SPA-skin is a low-profile soft interface containing a PZT sensor layer, an SPA layer 
and a controller controlling the SPA layer with a pneumatic regulator and high-speed on-off 
solenoid valves. The integrated sensing layer makes it possible to gather information about the 
local environmental loading conditions in order to modify the output required for a coherent 
feedback. Together, the integrated sensing layer and an external finger tracking system provides 
a bidirectional interaction between the SPA-skin and the user.  

Test object component: A second challenge for system design lies in producing a static force-
feedback allowing a sense of touch. A virtual shape may be perceived using a heavy and bulky 
electro-mechanical glove-like design but this has limited wearability. Here, we propose a test 
object made using playdough, which may be molded plastically into the desired shape according 
to the applied forces. Uniting the active interface and the test object provides a coherent tactile 
feedback for an immersive experience.  

While shape recognition could be augmented by a kinesthetic haptic device with passive haptic 
assistance as discussed in[196], the integration of cutaneous sensation using playdough might 
be effective, as the spatial precision for macro-features of objects mainly relies on SA1 afferents, 
which have a lower frequency of peak sensitivities. The playdough not only grants a response to 
the perception of the shape but also serves as an output device for quantitatively evaluating the 
spatial resolution via the human as an intermedium, as depicted in Figure 3:1b. Playdough in fact 
serves as a means of data physicalization[185] a process transferring digital data to a physi-
cal/tangible form that people can explore and communicate with.    

3.4.2 Experimental evaluation and protocol design: 

Humans combine touching and physical exploration of an object to gain detailed information 
about the properties of the object being inspected. The surface exploration generates varying 
contour, hardness, and roughness profiles by dynamic shape exploration in space stimulating the 
particular mechano-receptors. In this section, we developed a protocol to produce realistic tactile 
feeling and to close the haptic loop with human interaction. For the first time we can validate 
tactile feedback in a physical manner. We used an SPA-skin interface granting actuation at re-
quired frequencies without losing on output amplitude combined with a human-in-loop explo-
ration to generate a realistic feeling of two of the most important modes of dynamic exploration: 
texture and shape of a physical object recreated virtually.  
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SPA-skin in dynamic conditions and performance characterization  

The SPA-skin interface was designed to generate a wide range of vibrotactile stimulation, target-
ing the RAI and PC mechano-receptors in the 10-100 Hz range [27]. Many traditional devices 
employ electromagnetic motors or voice coil actuators in the form of tabletop display or 
handheld displays to have a large actuation frequency range. However, they are limited to local-
ized actuation and do not allow fingers to move freely in space to explore the environment as we 
naturally do. On the other hand, with SPA-skin we can customize the actuator size, ranging from 
2 mm diameter for acute location on areas like the finger-tips, to 20 mm diameters for low-
sensitivity areas like the back of the neck [195]. We selected 8 mm-diameter ring-shaped SPAs 
for their high bandwidth, equal actuation area, and uniform inflation across the surface, as shown 
in Figure 3:7b. 

Dynamic characterization of the SPA-layer and PZT sensor layer: The SPAs were actuated over a 
wide spectrum of actuation frequencies, ranging from 0-120 Hz, producing 0.3 N static output 
blocked force under 0.1 N of initial static preload, to measure dynamic behavior (Figure 3:7a, c). 
The recorded frequency response is plotted for the SPA-layer using a Nano-17 external 3D force 
sensor (ATI Industrial Automation, USA) and the SPA with a PZT-sensor, measuring from the PZT-
sensor (Figure 3:7c). A first order transfer function (TF) fits well for the SPA-skin and the integrated 
PZT-sensor dynamics, with R2 values of 0.99 and 0.96, respectively, as given by Equations  Equa-
tion 3:4 and Equation 3:5: 

𝑇𝑇.𝐹𝐹.𝑆𝑆𝑆𝑆𝑆𝑆 = 0.332
(0.00775∗𝑆𝑆+1)

  𝑁𝑁             Equation 3:4 

𝑇𝑇.𝐹𝐹.𝑆𝑆𝑆𝑆𝑆𝑆+𝑆𝑆𝑃𝑃𝑃𝑃 = 0.111
(0.0116∗𝑆𝑆+1)

 V           Equation 3:5 

These TFs provide a combined sensor-actuator bandwidth of 86 Hz, measured through the PZT 
sensors, and 129 Hz for the SPA platform measured through the Nano-17 sensor. Even though 
the discrete PZT sensor with flexible electrodes has a relatively higher mechanical bandwidth due 
to a much higher stiffness (in GPa) than the SPA layer (1-2 MPa); the electrical properties of PZT 
sensors set the limit for the lower cut-off frequency of SPA-skin to 1.6-2.2 Hz (supplementary). 

Controller for human-in-loop dynamic interactions: Humans explore with their fingers in lateral 
directions to understand the shape, size, hardness and surface roughness usually at 10-80 mm s-

1 velocity [62], [161], [197]. We tested the dynamic behavior of the human finger to measure the 
lateral frictional forces produced with exploration velocities of 10 mm s-1 and 30 mm s-1. The 
human finger produced lateral friction of 0.25 N for a 1 N applied normal force when used with 
an artificial sinusoidal surface fabricated with standard SLA material (Figure 2d). We then used a 
textured frictional cloth tape made of glass fiber (GL-96, Saint-Gobain performance plastics hold 
S.p.A., Italy) to replace the human finger and to replicate similar behavior in dynamic texture 
recording experimentally. This produced 0.3 N of lateral friction and a signature similar to that of 
the human finger in the tested frequency domain (Figure 3:7d). 
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Figure 3:7 Dynamic characteristics of SPA-skin. (a) Block diagram of the system characterization setup to 
record and render texture and dynamic characterization of the SPA-skin. The micrometer stage allows con-
stant preloading. An orange peel of 10x50 mm2 was used as test texture (b) SPA-skin prototype with 8 mm-
diameter SPA and 2 mm channel width and a 2x2 mm2 PZT sensor placed at the intersection of the ring with 
inlet channel, where maximum inflation occurs. (c) SPA, PZT sensor and combined integrated sensor-actua-
tor bandwidth was measured using an external Nano-17 sensor and PZT sensor. The first order transfer 
function fit provides 86 Hz and 129 Hz with sensor combined and an independent bandwidth of the SPA 
respectively.(d) Comparison of frequency components observed with the human finger and friction cloth 
tape of 10 x 10 mm2, while recording the transverse forces generated with 1 N preload against a plain 3D-
printed PLA material (h= 0 mm). The human finger produced average of 0.25 N lateral force, whereas the 
friction cloth tape produced 0.3 N for similar loading conditions. 

Texture recording and reconstruction experiment  

Experimental setups for reconstructing texture exist. However, as tabletop or handheld devices 
they have limited range of motion and often only provide texture feedback without shape explo-
ration, due to the different interaction modes[198]. SPA-skin offers a compliant, low profile wear-
able platform, leaving hands and fingers free for doing their usual activity. We decided to use the 
wide bandwidth of SPA-skin to generate a realistic tactile feedback. For the experimental design, 
we chose three simple sinusoidal shapes with no gap, a single-gap or a double-gap between two 
consecutive sine waves. The surface-roughness height (h) was selected as 300 μm[199] (Figure 
3:7d), as it lies in the range of rough texture that can be felt on static pressing, but still requires 
human fingers to explore it laterally[161], [197], [200]. Also, when subjected to 10-50 mm s-1 
exploration tests, it will naturally generate the fundamental frequencies of 2-50 Hz, well within 
the range of the SPA-skin’s performance, at a spatial wavelength (λ) of 1.5mm (Figure 3:7d).  
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A control algorithm using a fast Fourier analysis and detection of peaks from the spectral graph 
allowed a discrete generation of the required waveform at an approximate level. The currently 
available pressure regulators have a very limited bandwidth of less than 3 Hz due to integrated 
PID controllers and higher-solenoid inertia (ITV1011, SMC Corporation, USA). To recreate the 
recorded spectrum, we, therefore, combined output from 2 on-off solenoid valves, tuned to the 
required spectral frequencies (Figure S1b in [184]]). The difference in actuation amplitude was 
controlled using the duty cycle of the valve actuation, and the overall average output force by 
controlling the pressure globally through the low-bandwidth regulator. Added capabilities of 
faster regulatory options (like a piezo pressure regulator) allow covering much wider spectral 
signals. The signals lying at higher frequency than the bandwidth of the regulator may be con-
trolled using on-off valves actuated at the principle frequency components. 

Shape reconstruction experiment:  

As mentioned above, most of the current haptic research is focused on creating perceptions and 
qualitatively evaluating the feeling by haptic devices. In fact, quantitative studies of the percep-
tion received and how humans respond are rare; it is especially challenging to quantify perfor-
mance with human-in-the-loop, human behavior is not usually reproducible and is difficult to 
measure. Here we propose a test protocol and quantify shape sensation at the fingers.  

The objective of the experiment is to evaluate the capacity of the active interactive interface to 
deliver spatial information sensations of virtual objects in terms of shape and size to the user who 
simultaneously physicalizes the sensations via the test object. We used vibrotactile feedback 
through SPA-skin as the active interactive interface and playdough as the test object, as shown 
in Figure 3:1b and c.    

The assumption for the experiment is that active exploration of shapes and concurrent hand mo-
tion control shaping the playdough can be achieved using the SPA-skin due to its soft material 
properties and broad vibration frequency bandwidth; the rigidity of other wearable devices might 
be an obstacle for exploring and creating virtual shapes.  We also presume that playdough can 
be a base for shape sensation in active exploring, and the effectiveness is comparable to other 
wearable devices having kinesthetic feedback assistance [165]. 

The experimental setup is shown in Figure 3:8. The proposed task was to shape the playdough 
to match pre-defined geometries, guided only by the vibrotactile feedback through the SPA-skin 
and feel of the playdough. There was no visual feedback or shape contour information. The target 
shapes were limited to 2D contours instead of 3D geometries to simplify the task, cancel unde-
sired noise, and relieve workload. The playdough was placed on a smooth transparent glass plat-
form. A camera was installed underneath the glass platform to track colored markers attached to 
the fingers. The sampling rate of finger position was 10 Hz. The captured images provided the 
spatial information, allowing tactile sensation of the virtual objects by the SPA-skin in real space. 
The SPA-skin vibrated when the fingers approached or reached the 2D contour of the virtual 
object. Then, the 2D contour of the virtual object was recreated physically, manipulating the 
playdough. Finally, the trajectories of fingers and the final contours of the playdough were rec-
orded to examine the effectiveness of spatial information delivery. 

We defined three different target contours: rectangle, trapezoid and circle, to provide flat lines, 
inclined lines and curves with respect to the grasping motion of the fingers. We gave one target 
contour per test. The target contours were relatively simple without detailed features or concave 
lines, designed mainly to promote simple grasping gestures, avoiding complex manipulation and 
thereby, interference from other factors. Furthermore, there were two horizontal cuts on the glass 
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as boundaries to the shape generation motion, as shown in Figure 3:8. With the boundary con-
straint, shaping progress was focused on grasping motion control and tactile perception of the 
fingers, without larger movements of entire hands or arms. The shaping process lasted 2 minutes 
per test. 9 tests for each target contour were carried out on three subjects whose age ranged 
from 28 to 34 years. 

 

    

Figure 3:8 Experimental setup for interactive shape generation using SPA-skin and playdough as a 
test object. The image on the right is the computer vision of the control system.  

 

3.4.3 Results and Discussion 

SPA-skin delivered a wide range of modulation experiences proven by the dynamic characteriza-
tion. Coupling the SPA-skin to a texture-reconstruction testbed or a camera-monitored test ob-
ject produced experimental results that validated, for the first time, how artificially-created tactile 
feedback could indeed simulate physical interaction. Furthermore, the two devised experiments 
showed that the SPA-skin platform facilitated the transfer of rich tactile information from virtual 
objects, such as surface roughness, dimension, and shape. Shape information could be recon-
structed by transferring a virtual experience effectively to a physical one. 

4.1 Texture reconstruction experiment: 

To have a realistic measure of texture feedback we devised a frequency-based approach, where 
principle components of frequencies were selected and generated using on-off solenoid valves, 
which have bandwidth in excess of 100 Hz (Figure 3:7c). This approach allowed control of the 
principle frequency components: as the spatial exploration velocity (v) changes, the actuation 
frequency changes linearly (f = v/λ). With the current experimental setup we could integrate dis-
crete output from 2 principle frequency components and their natural harmonics. 

We preloaded the friction fabric-coated SPA-skin at 0.1 N and recorded the blocked force using 
PZT sensors and a Nano-17 sensor at 10 kS s-1 for three sets of waveforms (Figure 3:9a). With a 
1.5 mm spatial wavelength, we observed a principle frequency component at 2.3 Hz for 10 mm 
s-1 exploration speed and 6.9 Hz for 30 mm s-1 exploration speed. We set the SPA-actuation 
frequency to 2.3 Hz and regulator pressure to have a similar 0.3 N average output, which showed 
a successful reconstruction of the recorded amplitude spectrum of the actual texture (Figure 3:9a). 
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Figure 3:9 Texture reconstruction experimental results (a) Frequency response of three different sinusoi-
dal textures recorded at 10 mm s-1 exploration velocity and texture rendering using the SPA-skin. (b) A 
phase-matched time domain response and frequency components of fresh orange-peel texture recorded 
at 30 mm s-1 compared to the rendered texture using the SPA skin at 0.3 N peak-to-peak blocked force. 

In the last set of experiments, we used a 10x50 mm2 piece of orange peel with approximately 2 
mm spatial indentations as the textured surface, and recorded the forces using the PZT and Nano-
17 force sensors. The frequency domain measurements showed two peak frequencies at 9.7 Hz 
and 10.6 Hz. On reconstruction, we observed a very similar frequency spectrum to the SPA-skin 
(Figure 3:9b). These frequencies also held for generation of a slow moving tone of 0.9 Hz, which 
had an organic feeling, similar to soft-surface exploration.  

4.2 Shape reconstruction experiment:  

To evaluate the spatial accuracy and effectiveness of the tactile exploration, the final contour of 
the playdough after the shaping process was compared to the target contour, as shown in Figure 
1b. The accuracy of the shaping process was defined as the correlation coefficient of the area. 
The finger trajectory shaping-process was recorded and the sets of experimental results are 
shown overlapping in Figure 3:10a, for multiple test subjects and for three shapes and sizes. The 
temporal exploration by the human fingers during the reconstruction process is shown in Figure 
3:10b. The two red dashed-lines are boundaries limiting the workspace of the shaping process. 
The playdough contour outside of the workspace, is removed in the figure for the accuracy cal-
culation. The colored dots from light to dark represent the finger center locations from the start 
to the end of one set of experiments. There are three concentric circles, representing the bound-
aries of the 1st feedback edge, 2nd feedback edge and the target contour, respectively. The 1st and 
2nd feedback edges were defined as 20 pixels and 10 pixels from the target, respectively as shown 
in Figure 3:10b. The control system gave a 15 Hz vibrotactile signal signifying the approach of 
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the target contour when the fingers reached the 1st feedback edge. A higher 35 Hz frequency 
signal was generated on the SPA-skin to give the sensation that fingers were really touching the 
boundary of the target shape when the finger center reached the 2nd feedback edge. As men-
tioned previously, both SA1 and RA afferents are relevant in grasping control. The vibration fre-
quency of the 2nd feedback edge was close to the frequency of peak sensitivity for RA afferents 
and could be an effective stimulus for grasping control. The 10-pixel distance from the target 
contour was the definition as we roughly defined a 6 mm thickness for fingertips, and one pixel 
equaled 0.29 mm in the region of interest. In Figure 3:10b, most finger-tracking points are located 
between the 1st and 2nd feedback edges and only a few of them between the target and 2nd 
feedback edge. It shows that the system gave an effective vibrotactile signal for acknowledging 
the appearance of virtual boundaries. The contact forces from grasping the playdough were also 
present at the same time in this case.   

Horizontal grasping motions were frequently used to shape the playdough, observed by the tra-
jectories of fingers in Figure 3:10b. Thus, the spatial accuracy of the grasping motion could also 
be evaluated by calculating the area difference as the area is the horizontal difference integral 
along the y-axis. The calculated accuracy of all data sets is shown in Figure 3:10c and the image 
processing for accuracy comparison please refer supplementary section [150]. We achieved al-
most 90% accuracy for the rectangle contour and almost 80% accuracy for the circle contour 
using vibrotactile feedback. The circle contour had a lower average accuracy, and we also saw a 
possible outlier for the circle case. A suggested reason for the lower accuracy could be the stop 
of airflow in the SPA-skin due to the large bending on the rubber tube, which led to a lower 
amplitude vibrotactile feedback.  

In order to investigate the effectiveness of the proposed SPA-skin feedback system in grasping 
control, we studied the distribution of the error area to find the ratio of the error area inside the 
target boundary to that outside the boundary and the image processing as shown in Figure 3:10a 
and Supplementary Figure S2d in [150]. The error distribution showed that there was no signifi-
cant difference between error inside the target boundary (8.5%) or outside the boundary (7.8%), 
which suggested that the vibrotactile feedback from the SPA-skin is effective for grasping control.  

To further examine if outside factors had a significant effect on the accuracy, we performed one-
way ANOVA tests on the target shapes, participants, and test order (divided into three groups: 
tests 1 to 3, tests 4 to 6, and tests 7 to 9). In these cases, F critical value, Fcrit = 3.4 at α = 0.05. The 
F-ratios were 3.2, 2.3, and 0.4, respectively, namely Fcrit >F-ratio; hence, the results showed that 
none of the factors had a significant effect on the accuracy with a 95% confidence interval. The 
influence of the tested shapes on accuracy was minor; however, the contours tested were de-
signed for rough geometries without detailed features, mostly composed of straight lines and 
uniform curvature lines. The accuracy of reconstructed shapes with detailed features with respect 
to dimension and geometry of the fingertips could be further studied. In addition, we observed 
that the learning factor was not significant in ANOVA tests of test order. Further studies could be 
done with more sets of experiments and changing the design of the test-shape order to examine 
learning factor influence on the same shape, as the current test shapes were hidden, picked at 
random before each test.  
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Figure 3:10 Results of the shape reconstruction experiments. (a) Intensity map of the shape difference 
between the playdough shape and target shape. The error intensity mapping for the shape reconstruction 
experiments for three target shapes: rectangle, trapezoid, and circle. The darkest color represents the higher 
trends of error distributed in the 2D-plane. The red line is the target contour. (b) The finger trajectory shap-
ing process and the comparison between target and playdough contours. The different feedback frequen-
cies acknowledging approaching the target contour or reaching the target contour are shown as different 
shaded areas. The two horizontal red dashed-lines are the boundaries limiting the workspace of the grasping 
motion. (c) Calculated average area accuracy of shape reconstruction. 
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3.4.4 Conclusion 

For an effective wearable haptic feedback device, we require an accurate understanding of the 
physical interactions between the device and the wearer's perception. We propose a two-com-
ponent system to achieve a multi-experience tactile feedback and for the first time, human-in-
loop ‘physical’ validation of user actions, closing the haptic feedback loop. We use SPA-skin for 
its low profile form factor, high-bandwidth capabilities and integrated sensing as an active bidi-
rectional interface. Special design measures in PZT sensor signal conditioning like high sensitivity 
instrumentation amplifiers with noise filtering using coaxial cables and line noise notch-filters 
allow for on body placement and accurate measurements. 

In the first stage, we designed and validated abilities of the SPA-skin interface to record a set of 
sinusoidal textures with similar indentation but different spatial resolution, which then were ana-
lyzed for the principle frequencies in the Fourier domain. The SPAs were then used to recreate 
the texture feedback approximately. It was seen that the natural textures also had a range of 
harmonics similar to what we obtained with the on-off nature of the SPA’s actuations. We recre-
ated the natural texture of orange peel with two principle frequency components with cross-
correlation of 59% explored at 30 mm s-1. These texture patterns once recorded could be shifted 
linearly in actuation frequencies, based on the real-time exploration velocity, making it an im-
mersive experience for the human. 

We then designed and validated a haptic system in which the delivery of tactile feedback and 
spatial accuracy was quantitatively studied for bi-directional human-in-the-loop system. A 2D 
planer platform was used to physicalize a given virtual shape using a soft test object based on 
two-level tactile cues guiding the human actions. The test object play dough, on being molded, 
provided the sense of shape and size, whereas active tactile feedback from SPA-skin overlayed 
the texture cues. The results showed almost 90% accuracy for the rectangular shape and greater 
than 80% for the trapezoidal and circular shape physicalization using SPA-skin for tactile guid-
ance. We employed a two-stage actuation with a low frequency stimulation when approaching 
the contour shape, followed by a high-frequency vibration when reaching the actual contour for 
ease of exploration.  

The two experiments showed that SPA-skin is an effective haptic platform and provided a rich 
tactile feedback in a wearable scenario. The tactile feedback loop was closed with human actions 
and was quantitatively validated for the level of immersion and quality of tactile feedback. There 
is plenty of room for further studies of multimodal perception with wearable soft haptic devices 
due to the customizability of both material properties and control frequencies. 
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3.5 Discussion: Control strategies for wearable soft interfaces 
In this chapter we developed two level control strategy namely, high-level and low-level control 
to achieve an intuitive interaction between human and wearable interface. The high-level strategy 
enables an adaptive and modular framework to integrate SPA-skin platform in other multi-modal 
interactive interfaces seamlessly. Development of such hierarchical control facilitated the contin-
uous improvement of each individual component to be carried out independently and allowed 
to customize the setup for multiple application requirements. However, the phase lag due to 
pneumatic actuation can cause a perception delay and hence, the tube length has a limitation up 
to 20 ms traveling delay. The multimodal interaction is also limited by the maximum bandwidth 
of human perception, limiting the maximum number of simultaneous modes of interaction to 
usually 3. This invites a more systematic human-in-loop study to engage the user for optimum 
information transfer for the given application.  

The low-level control strategy focuses on closed-loop control capabilities of this SPA-skin system 
for a wide range of controller inputs in amplitude and frequency. Even though human perceptive 
system is not very accurate and it is possible to provide good enough tactile feedback with tra-
ditional open-loop controlled actuators, closed loop control of SPA becomes necessary to ensure 
the soft actuators are still performing reliably, as being soft they can be squeezed under external 
loading, as opposed to the rigid body tactile actuators. The use of localized sensing has added 
benefit that minimizes the manufacturing in consistencies or non-linearity due to soft silicone 
material behaviors. The uniform output feedback hence allows the wearer to feel a consistent 
feedback independent of the wearing or dynamic loading conditions. Furthermore, the bidirec-
tional operations of the SPA-skin platform offer a wearable system that can, not only be used for 
haptic feedback but also quantification of human proprioceptive capabilities for a range of fre-
quencies. We implement the sensing layer for low-level control using PZT and liquid metal GaIn 
sensors for their high sensitivity and low profile nature as discussed in Chapter 2. Each of these 
sensors have their limitations with PZT sensors only dynamic forces can be measured which are 
desirable for vibratory feedback but not useful in environments requiring to measure static ex-
ternal loading.  

Yet another challenge the mechanically transparent and compliant wearable interfaces face is to 
preserve the perception ability of human skin while the user is exploring the external environment 
while being actively provided with tactile feedback. With soft silicone material of SPA-skin, we are 
known to have a first-order damping of external interaction forces, which limits our dexterity 
while manipulating. Currently, the control environment lacks the ability to correct for such a fil-
tering; however with integrated PZT sensing, we envision a degree of additional dynamic actua-
tion added to SPA to restore this lack of touch. The preliminary results we obtained with the 
texture and shape generation, open up discussion for the next generation of haptic feedback 
devices, which are mechanically transparent for human wearability and provide ranges of tactile 
sensations inherent to the object and perceived by the human sense of touch. 
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 System integration and man-
ufacturing of soft pneumatic interfaces 
In this chapter3, we discuss the system integration and manufacturing design aspects of soft 
pneumatic interfaces considering the wearability, portability and multi-point actuation-sensing 
of overall system. The peripheral system components powering any robot usually not get the 
attention towards their integration and component level optimization beyond the packaging, 
power or heating requirements. However, the wearable and mobile applications demand for the 
whole system beyond input-output interface to be portable while providing as much wearability 
and comfort as possible.  

As we discussed in previously in chapter 2 and 3 about the high-fidelity feedback with compliant 
nature of SPA-skin interface make it an ideal candidate for wearable applications, but, like any 
pneumatically powered system, the SPA-skin also needs a peripheral system that needs to be 
integrated in making pneumatically powered wearables, a truly portable solution. 

 

                                                                 

The material presented in this chapter is adopted from the following self-authored publications: 
[201] S. Joshi, H. A. Sonar, and J. Paik, “Flow path optimization for soft pneumatic actuators: To-wards optimal perfo 

mance and portability,” IEEE Robot. Autom. Lett., Feb. 2021.  
My contributions to this work has been: the research problem formulation, design of experiments, data collection and 
results analysis, writing and reviewing of the manuscript. The first author, Sagar Joshi developed the modelling of SPA-
dynamics, as well as the corresponding simulation results were also obtained by the first author. Both authors contributed 
to writing and reviewing of the manuscript equally and were involved in all the discussions for project progress equally. 
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Figure 4:1 Wearable SPA-skin array prototype for the forearm. The SPA-skin platform in the form of 
4x4 tactile cells (taxels) with independent modulation of force and frequency of each individual taxel. This 
prototype has 10 mm diameter ring shaped SPAs spaced 20 mm apart to be worn on a forearm. Multi-
layer view of the SPA-skin fabrication, showing the fabric layer that supports the SPA array as well as miti-
gate the effect of channel vibrations and cross-talk during the operation (B). The top and middle layer of 
silicone form the pneumatic seal for the ring-shaped mask. Inclusion of a wearable on-off mesoscale valve 
design concept to reduce the pneumatic input lines (C). The valve is developed using advanced manufac-
turing methods to have a monolithic structure facilitating a miniaturized leak-proof design.  

In order to extend the abilities of SPA-skin from a high-fidelity and bi-directional feedback device 
to a real-world plug-n-play interface that can augment the capabilities of existing robotic inter-
face or perform as a standalone wearable robotic platform; a careful consideration of individual 
components and their interdependence is needed. As a first step towards this evaluation, we 
started with designing an application-specific wearble tactile interface using SPA-skin as a 4x4 
bidirectional display for a human forearm. This allowed to detail the step-by-step process 
involved from material selection, actuator shape and size optimization, sensor signal 
conditioning, system integration with control environment aspects. This also showcases the 
scalability, wearability, and modularity of the integrated system. 

 

Figure 4:2 Functional block diagram of interactive SPA-skin system architecture and control flow be-
tween peripherals. The user environment consists of the user and SPA-skin setup with pneumatic inputs 
to SPA and PZT output and user response to the control environment. The control environment is further 
divided into two levels namely, higher-level control through a visual basic interface and lower-level control 
with Arduino. The low-level controller can control up to 16 solenoid valves independently, using the pressure 
regulated airflow. A pressure cuff bracelet is used to cover the SPA-skin after wearing by the user to ensure 
a uniform pre-load of 5kPa during user studies. The PZT sensor placed on top of the actuator generates a 
charge output signal from the actuator’s vibration, which is amplified using a piezo charge amplifier and 
then passed through a 50 Hz twin-T notch filter to remover external line-noise. The amplified and filtered 
signal is then recorded through the ADC as force value (in visual basic). 

The second step is to optimize the selection of individual peripheral components or design for a 
wearable interface. We develop novel soft valves that can then be directly integrated with the 
SPA-skin reducing the number of pneumatic input lines and improving the fidelity.  

The flow diagram of soft actuation and sensing control shows individual peripheral components 
through which the integrated soft system is connected to the user environment and the control 
environment. Our contribution in creating a more wearable, portable and versatile pneumatic 
system is three-fold: 
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- Our first focus is to design a bidirectional wearable 4x4 tactile display for wide range of 
interactivity and then use this display to study and develop various user interaction pro-
tocols. We outline the design flow from material selection, selecting the actuator shape, 
dynamic characterization, sensor signal conditioning and control environment design 
while keeping application requirement for wearability on the forearm as the criteria. 

- The second, important challenge we attempted to tackle was to bring the pneumatic 
valves from the rigid traditionally non-wearable form-factor design to an integrated 
component level design, that can potentially be integrated directly on the tactile display 
array, drastically reducing the number of pneumatic lines and improving the actuation 
fidelity. 

- We also present an optimization framework for pneumatic power supply (PSS) side. The 
framework allow optimizing the overall (SPA+PSS) system performance using the metrics 
of maximum actuation frequency, air and energy consumption per actuation cycle. Here, 
we systematically investigate the effect of five parameters: SPA size, tubing diameter and 
length, source pressure and valve flow capacity, on the performance and portability of 
SPAs and experimentally validate them. 

4.1 Developing an integrated SPA-array platform 
The actuation of the SPA-skin is targeted to stimulate the 10-100 Hz range specifically, 

to explore and quantify the effects of vibration stimulus on the human skin in this range. The 
distributed network of discrete PZT sensors have a sensitivity higher than those of SA-I, RA-I and 
RA-II type mechano-receptors in human skin to ensure a quantitative measure of the stimulation 
thresholds. These measures help performance optimization of the SPA-skin for required applica-
tion location and also to decipher the specific mechano-receptor reaction based on the dynamic 
applied forces, as we will discuss later. The SPA-skin also provides independent control of actua-
tion amplitude and frequency with a wide actuation bandwidth. The SPA-skin design is highly 
modifiable, allowing customized actuation solutions for specific wearable applications. However, 
the challenge is to design appropriately a soft material-based actuator for the desired actuation 
force and amplitude, due to the non-linearity in soft material properties. We adopted a material 
based FEM design that uses SPA design toolkit for tailoring SPA-skin to the required inflation 
amplitude or force for human forearm [57]. This toolkit allows quasi-static simulation of the SPA 
behavior for a given geometry and hyper-elastic model through input parameters. 

 

Table 4:1 Mechano reception sensitivities and activation ranges for RA-I and RA-II type of mechano recep-
tors in human fingers, forearm and foot [10], [52]. 

Type of  
mechano receptor 

Frequency 
range [Hz] 

Spatial resolution 
sensitivity [mm] 

Sensitivity to in-
put threshold 

Location  

RA-I and SA-I 
( Meissner corpuscles 

and merkel cells) 

10-40  High (~3-5) Relatively low Epidermal 
layer 

RA-II  
(Pacinian corpuscles) 

60-400 Poor (~20) High 
(maximum at 250 

Hz) 

Deep tis-
sue 
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We customized and fabricated an SPA-skin array with 4 x 4 tactile cells (taxels) for application on 
the human forearm (Figure 4:1). The size of the array and minimum distance between two taxels 
was determined by the two-point threshold (approximately 20 mm) of the forearm area distance 
[52]. This organization in the form of an array provides a wearable platform to design and conduct 
studies to help understand human tactile perception thresholds of SPA-skin. We then used this 
array to measure the minimum amplitude necessary to feel a burst of vibration at a given fre-
quency, the ability to localize a stimulus over a given area and the ability to detect and charac-
terize a simple-shaped apparent movement.  

Major contributions of this work are:  

• Designing and prototyping a novel wearable platform of soft pneumatic actuator-skin 
(SPA- skin) with a controller that gives a bi-directional wearable tactile force-feedback 
display with 4x4 tactile cells (taxels). 

• Modeling and characterizing the dynamic performance of the SPA-skin for a desired ac-
tuation amplitude and force using FEA-based model and dynamic tactile feedback. 

• Devising a protocol and studying diverse vibrotactile feedback and its impact on human 
perception at lower actuation frequencies (10 - 100 Hz) using the SPA-skin array. 

 

4.1.1 SPA-skin 4x4 array design framework 
Based on the sensitivity values from Table 4:1, we need a platform suitable for a 

forearm, which required stimulation amplitude of up to 1 N over an actuation range of 0-100 Hz 
with a 20 mm grid (Figure 4:1) [52]. In order to achieve this performance, we constructed and 
modeled a preliminary design of the soft pneumatic actuators. However, due to their hyper-
elastic nature, soft materials exhibit non-linear mechanical behavior with loading [12], [57]. In 
order to achieve faster iteration times, the material model-based FEA tools were used to calculate 
the required output force and/or displacement.  

We employed the phenomenological model, Ogden [157], for modeling, as this was more likely 
to fit our large strain load case, an input pressure of 0-25kPa. After the first set of simulations, 
using different boundary conditions and materials, the second round of simulations was made, 
and these results were compared with the experimental data of the inflation of the actuator. The 
problem was set as a quasi-static dynamic using an implicit integration scheme. The preliminary 
design used a simple hemispherical shape for simulation, and our model was validated experi-
mentally (Figure 4:3).  
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Figure 4:3: Experimental validation of FEA based hyperelastic model. (A) SPA-skin prototype inflated at 
20 kPa. The fabricated prototype has 10 mm actuation diameter, 2 mm diameter inlet channel and 200 um 
thickness of upper actuation layer.(B) FE simulation of the same SPA-skin. (C) Convergence results for Poly-
nomial (red) and Ogden-6 (blue) models for variation in meshing elements. We observed stable results 
above 7000 elements. (d) Comparison of experimental data from the multiple actuators with the FEA models. 

For optimal dynamic performance, the surface area of the actuator should be maximized, while 
the volume of fluid required for inflation and deflation should be minimized. This was achieved 
using a toroidal shape actuator that yielded a 2.5 mm channel width for a 10 mm diameter actu-
ator, enabling optimal bandwidth and output force. However, due to practical limitations, we 
selected a channel width of approximately 2.0 mm channel width to prevent delamination at the 
inner side of the actuator. We then used ring-shaped actuators (Figure 4:3 A, B), which displayed 
a uniform inflation surface while significantly improving the bandwidth (Figure 4:3 D).  
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Figure 4:4: Experimental validation of the hyper-elastic model and dynamic characterization of SPA. 
(A) SPA-skin prototype inflated at 15 kPa. This fabricated prototype has a 10 mm actuation diameter, 2 mm 
diameter inlet channel and 450 μm thick upper actuation layer. (B) FE simulation of the same SPA-skin ge-
ometry at 15 kPa input pressure. The simulation confirms uniform inflation across the actuation area with 
0.278 mm inflation height. (C) Dynamic blocked-force characterization of SPA prototype having a 35 Hz 
bandwidth and 0.1 N output force at 100 Hz, large enough to be perceived by a human finger and forearm.4 

The selected SPA design of these ring shape actuators was then characterized for the dynamic 
force feedback, where we obtained a bandwidth of 35 Hz. Although the output peak-to-peak 
force drops from 1 N to 0.1 N at 100 Hz (Figure 4:4), this force is still distinguishable by a human 
finger or forearm.  

4.1.2 Materials and methods: SPA-skin array fabrication 
The layer-by-layer fabrication of SPA-skin is adapted from the fabrication technique 

discussed in [195] for SPA-skin array design using the film applicator (Zehntner ZAA 2300; 
Zehntner GmbH Testing Instruments). An additional fabric layer with carefully laser-cut places for 
the actuator is cured with a silicone layer of about 150 μm in thickness (Figure 4:1). This interme-
diate fabric layer prevents cross-talk from the channel vibration felt by the wearer. The fabric layer 
is also stretchable in the direction of the silicone channels, which allows for an elastic-wrapping 
on the human arm for improved grounding and support. As the minimum threshold lies around 
0.07-0.08 N, measurement of channel inflation force below the fabric layer will help to tune the 
performance of the SPA-skin further.  

                                                                 

4 The aforementioned bandwidth is also limited by the on-off control valve’s characteristics which is now improved well 
above 100 Hz 
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The available material charactersiation data from the spa-design-toolkit is limited to Ecoflex-
30®[24], [57]. We conducted experimental uniaxial and planar tests to obtain the stress-strain 
characteristics of the Dragon Skin® 30 with dog-bone and rectangular samples, prepared ac-
cording to the ISTM standards as shown in Figure 4:5 [57], [202]. Afterwards, using the SPA design 
tool [57] and Abaqus IDE we set up a simulation environment for SPA-skin design with a simple 
hemispheric shape to validate the material model and at different pressure set points. All simu-
lations used the Ogden-6 parameters computed with the SPA design tool. The symmetry of the 
problem is also exploited for time efficient simulation (Figure 4:4B).  

 

Figure 4:5 Material characterization of Dragon skin 30 (A) Ogden-6 model-fit (dashed) for the average 
stress-strain curve obtained from 6 experimental samples over 5 cycles each of uni-axial and planar data. 
(B) Relative errors for changes in strain between the experimental data and Ogden model are less than 5% 
for both the uniaxial and planar tests 

4.1.3 SPA-skin dynamic characterization with integrated sensor  
Practical e-sensors for wearables need to be thin, pliant and distributed in order to 

optimize compatibility with human skin. Considering these prerequisites, we selected piezoelec-
tric ceramic based (PZT-5H) sensors due to their high sensitivity for the applied dynamic forces 
normal to the surface [74]. The ring-shaped actuators selected following the FEA and experi-
mental validation, which provided a high-fidelity dynamic feedback, were then characterized with 
the PZT sensor to obtain the transfer function of sensor output for the SPA output blocked force. 

The integration of PZT sensors with the SPAs enable localized force measurement when the 
wearer feels the tactile stimulation as shown in Figure 4:6 A,B. Averaging the response for three 
different sensor-actuator pairs, we obtained a quadratic relationship for the dynamic force meas-
ured using a nano-17 sensor (ATI industrial automation) and the peak-to-peak output from the 
PZT sensing circuit (Figure 4:6). The sensitivity of the PZT was measured over the full range of 
SPA-skin actuation for two different set-points, 100 mV and 200 mV, peak-to-peak for the equiv-
alent measured blocked force using the nano-17 sensor (Figure 4:6D). As seen in Figure 4:5D, due 
to bandwidth limitations of the SPA, the SPA amplitude cannot reach the 200 mV set point above 
80 Hz.  



System integration and manufacturing of soft pneumatic interfaces 

109 

 

Figure 4:6 SPA-skin characterization with an integrated PZT sensor. (A) schematic and (B) photograph 
of the 2x2 mm integrated PZT sensor in the 10 mm-diameter SPA of 2mm channel-width. Relative position-
ing of RA-I and RA-II type mechano-receptors with respect to the epidermis and dermis layers of human 
skin. (C) Blocked force-measurement with a Nano-17 sensor covering the whole area of the actuator shows 
second-order behavior for the dynamic peak-to-peak force exerted by the SPA with respect to peak-to-
peak voltage recorded by the charge amplifier after removing line noise. (D) PZT sensor and signal-condi-
tioning circuit sensitivity over a range of actuation frequency for two different set-points. At 100 mV, the 
sensor set-point blocked force mean is 81mN (S.D. 7mN) and at the 200 mV set-point, the blocked force 
mean is 197 mN (S.D. 5mN) over the required full range of operation for SPA-skin. 

4.1.4 SPA-skin control environment and experimental setup 
The experimental setup for the SPA-skin platform can be divided into a user environ-

ment and a control environment as shown in the functional block diagram in Figure 4:2. The 
selected SPA-skin design based on the application also determines the required parameters for 
the control environment. For this experimental setup to measure effectively the performance of 
the SPA-skin and human perception, it should have a high degree of accuracy for sensor meas-
urement and a wide range of operation for pneumatic control valves (0-200 Hz). We developed 
a high-sensitivity charge amplifier with a second order notch filter to limit the line noise for PZT 
measurement. The user environment has a coupled electro-mechanical feedback between the 
wearer and the SPA-skin platform where, the SPA-skin receives vibration input based on the user 
response and PZT sensor output received by the controller. The control environment for the SPA-
skin setup is divided into two control loops. The higher-level control loop receives force values 
and user feedback to provide the desired pressure, frequency and actuation pattern. The lower-
level control environment regulates the desired pressure and decodes the actuation frequency 
and patterns into individual PWM signals for high speed on-off valves.  
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4.1.5 Closed-loop interactions towards human-in-loop user environment setup 
User is an integral part of the SPA-skin design framework as well as the control envi-

ronment. The presented experimental setup is versatile for changes in application for end users. 
The control environment adapts to the user environment dynamically based on the feedback 
received by the user specifically to change the stimulation force, frequency, or the actuation pat-
tern. We continuously monitored PZT output for changes in loading conditions by comparing it 
with the expected set point to ensure uniform performance during the subject studies.  

We followed a setup protocol before beginning the experiment with subjects. The user environ-
ment was well lit and setup for the subject’s comfort at room temperature. They were requested 
to put on headphones cancelling passively the external noise, in order to prevent influence from 
exterior sounds. The SPA-skin was then mounted and approximately tightened around their fore-
arm, close to the wrist (Figure 4:1). The elbow and the hand of the subjects were laid on sandbags, 
in order to avoid external vibrations. The subjects were provided with a known stimulus of 30 kPa 
and 20 Hz for location 1 actuator to adjust the mechanical grounding to obtain 0.3 N dynamic 
force. A constant pressure of 5 kPa is externally applied using a pressure cuff during this time to 
ensure uniform preloading. All the 16 actuators can be activated one after another at 20 Hz for 
500 ms delay to familiarize the users with the expected vibration feedback. The actuation fre-
quency of 20 Hz was chosen as it lies in the middle of both SPA-skin’s bandwidth and RA-I and 
SA-I type mechanoreceptor’s range. Following this, we then introduced human-in-loop design 
experiments discussed in the next chapter to validate and improve the wearable interactivity of 
SPA-skin and understand better the mechano receptive thresholds for a human forearm. 
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4.2 MEsoscale Valve by Additive Manufacturing (MEVAM) for appli-
cations in haptic systems 

4.2.1 Introduction 
The use of SPAs allow for decoupling of actuation location from the compressed air 

source for a high-density, low profile, high-force applications. Furthermore, integration with soft 
pressure sensors allow for the generation of very precise closed-loop control to produce the 
desired actuation effect. Currently, classical on/off valves are being used to deliver the desired air 
volumes at different frequencies, but haptic systems consist of arrays of actuators, each element 
with independent actuation, which results in complex assemblies of tube and valve networks that 
can hinder movement and which are prone to failure. There is currently no alternative to standard 
commercial solenoid valves, which are soft, flexible or thin-enough to be integrated with the SPA-
skin. This is a major limiting factor in having a single pneumatic tube carrying pressurized air to 
the SPA array and integrated valves actuating the individual tactile cells (taxel). 

The advent of additive manufacturing has created a disruption in the manufacturing industry 
thanks to the many benefits it can bring to the production of parts and products, and all industries 
are embracing the technology in some way or another. AM is traditionally associated with cost 
savings by reducing complexity and assembly steps, however there are 3 main limitations re-
straining competition with traditional subtractive manufacturing : low mechanical properties, a 
relatively slow production rate, and a limited printing resolution. Whether for metal or polymer 
printing, this latter constraint explains that use cases generally target medium to large parts with 
low dimensional or surface finish tolerance. However, an increasing understanding of the printing 
parameters as well as recent advances in material characterization and robotic control have ena-
bled us to refine the printed resolution thus opening way to printing smaller elements.  

Valves have successfully been manufactured using AM, but the potential of micro-Additive Man-
ufacturing has not yet been leveraged for valves at this mesoscale (~10x10 mm2). Printable micro-
valves would allow a tighter integration of haptic systems by combining the manufacturing of 
the pneumatic tubes, valves, and supporting structure in a monolithic fashion5. There is also a 
large potential for production cost reduction, although yet to be demonstrated, by saving on 
assembly steps. This new valve paradigm would benefit applications of haptic feedback based on 
pneumatic actuation, such as a multi-cell tactile display from braille on fingers, wearable armband 
to VR-based rehabilitation. The rigidity and large size (Φ7.6 x 31 mm2) limit the wearability and 
localized deployment of currently available solenoid valves. Having low-profile, soft pneumatic 
valves would be an enabler for new applications in wearable devices, thanks to a reduction in 
system complexity, improved wearability, and high-bandwidth due to reduction in tube length. 

                                                                 

The research work presented in this section has been conducted in collaboration with RRL, EPFL and CSEM, Neuchatel for 
an InnoSuisse funded project no. 41268.1 IP-ENG, MEVAM. 

My contributions from RRL: I was the sole person involve in development of this project from RRL with our lab PI: Prof. 
Jamie Paik. I was responsible for valve specification detail, prototype concept evaluation, suggested development 
roadmap, risk analysis and project planning. In second phase: Integration of valve prototype with SPA-skin, Control loop 
design report: System identification and modelling of integrated system , Open-loop control and model validation, 
Closed-loop control design with integrated sensors and. Testing and validation of controller in bench-top and wearable 
scenario  

CSEM contributions: selection of materials for stereo lithography based resolution, mechanical properties and maximum 
aspect ratio. Different valve designs will be conceptualised specifically for Additive manufacturing. Simulation using multi-
physics and design optimization based on testing and SPA-integration results 
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Figure 4:7 Wearable and modular soft robots that would benefit from integrated soft valves, removing need 
for the rigid parts or long tubes limiting the dynamic response time.(A) Haptx technologies, haptic glove 
with 130 actuation points. (B) Wearable posture assistance using SPA-packs.[203] (C) Modular multi-DoF soft 
robots with individual valves per actuator.[40] 

 

 
Table 4:2 Selection of haptic feedback applications enabled by a printed micro-valve 

As outlined in Table 4:2 Selection of haptic feedback applications enabled by a printed micro-
valve, some of the envisaged applications are targeting the healthcare and medical sectors. Soft 
haptic devices, made possible by valves printed in soft material and tightly embedded in the 
system, can lead to new prosthetic limbs with vibration feedback on the stump instead of complex 
neuro-muscular interfaces, or even enable the use of non-metallic wearable devices during MRI 
scans for controlled stimulation of body areas. Another application field is soft robotics, to which 
the valve would provide a great improvement (compact designs, cheaper production) which, 
added to the inherently safe aspect of the soft actuators, would facilitate access to young stu-
dents to learn robotics. 
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4.2.2 Pneumatic control valves for soft robots 
The soft material based robots powered with pneumatics mainly rely on a pneumatic control 
source for their actuation. The robot computer determines required output pressure for actua-
tion. Based on this, a pneumatic control source (regulator or valve gate) is controlled. In general, 
the position of the pneumatic channel opening is controlled through the activation of an active 
element like a solenoid coil or a piezo-stack. Most of the currently available valve solutions use a 
rigid encasing for pneumatic channels and an active component to control the on-off/variable 
gate. As the portability of desired applications became important these valves became smaller. 
However they are still rigid and bulky where it is desirable to have a simple on-off soft valve that 
can be integrated with the SPA to make it a plug-n-play solution for wearable or modular robotic 
applications. Initial efforts have been taken in developing a soft on-off valve which is triggered 
pneumatically; however, a low profile, a high-fidelity solution is yet to be realized (Figure 4:8 C). 

 

Figure 4:8 Pneumatic valves for powering soft robots. (A) A general scenario showing application of SPA 
based robots with solenoid valves (outside the soft-robot) [204] (B) Some of the smallest solenoid valve 
available commercially with dimensions Φ7 x 20 mm2 (C7 miniature cartridge solenoid valve, Parker) and 
Φ7.6 x 39 mm2 (LHDA0521111H, Lee valves). (C) Non-solenoid based valves using piezo material based 
actuation and a pneumatically actuated bistable soft-structure.[205] 

4.2.3 MEVAM valve specifications and proof of concept design 
With the rise of soft pneumatic actuation and wearable haptics, there is a demand for relatively 
low pressure (<150 kPa), but a high-flow rate (>2 standard L/min) and high-bandwidth of valves. 
These valves need not be as robust as industrial valves, which often are designed for 400-800 kPa 
operations and hence are limited in bulkiness and/or slower due to high inertia. Using advanced 
manufacturing techniques like AM and we envision a soft on-off pneumatic valve that uses elec-
tromagnetic actuation similar to the ones used in standard solenoid valves but replaces the other 
mechanical components like spring and rigid air-tight encasing with a soft-material based struc-
ture.  

Human skin is sensitive to the application forces in the range of 1 N and vibratory frequency 10 
Hz- 400 Hz. The current design of SPA-skin [2] has an actuation volume of 5 ml which will require 
a flow rate of 3 L/min at 10 Hz actuation and 15 L/min at 100 Hz actuation at 40kPa operating 
pressure. Based on these considerations, a set of detailed specifications as presented in  
Table 4:3. 

https://www.theleeco.com/resources/download/?gl=PDF.nsf/LookUpPublic/LHDA0521111H?OpenDocument
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Table 4:3 Initial specifications for valve design based on human factors as targeted values and the ob-

tained values from the latest final prototype design of MEVAM valve. 

Elementary design: In order to validate the concept of a monolithic soft-valve, we used a simple 
SPA-skin channel sandwiched between a permanent magnet and an electromagnet (Figure 4:9.). 
Upon excitation of the copper coil, the PM gets attracted towards the coil closing the pneumatic 
channel. This type of valve closing, being two-way in nature, does not provide a metric only by 
measuring the pressure at the output of the valve. Hence, we evaluated the functional working 
by applying an on-off PWM pressure signal at 10 Hz at two different input pressures (25kPa and 
35kPa). As the excitation voltage of the coil increases, the peak-to-peak changes recorded by the 
pressure sensor on the other side of tubing reduces effectively, capturing the closing the valve. 
The tubing length and diameter limit the dynamic changes observed during the operation even 
when the electromagnet is not excited, which shows 10 kPa variation for 25 kPa static pressure 
and 16 kPa variation peak-to-peak for 35 kPa input pressure. 

 

Figure 4:9 (A) Elementary proof of concept prototype of a soft pneumatic on-off valve. The SPA-skin 
has 2 mm channel with 1 mm thickness, sandwiched in between a P.M. and a cu-coil acting as E.M. (B) Effect 
of excitation voltage on the peak-to-peak output pressure for two different set-point pressure inputs at 10 
Hz.  

Advanced functional prototype: We started with a multi-component valve design, where a per-
manent magnet is integrated inside a diaphragm that would be moved upon-excitation to open 
or close the valve position. This major limitation of this design comes from the material properties 
of 3D printed material. After 2 more iterations, our latest design has achieved most of the speci-
fications, particularly the pressure (>50 kPa) inside the flow due to the high flow rate and the 
actuation speed >10 Hz. The valve has been produced, as planned, from a single material and 
without assembly, except the actuation coil. Picture of the concept and the realization are pre-
sented below in Figure 4:10 MEVAM functional prototype. (a) Schematic of prototype valve 
design using monolithic 3D printing with integrated permanent magnet. (b) Functional valve pro-
totype and (c) actuation characteristic for on-off operation for pressures ranging from 5-50 kPa. 
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Figure 4:10 MEVAM functional prototype. (a) Schematic of prototype valve design using monolithic 3D 
printing with integrated permanent magnet. (b) Functional valve prototype and (c) actuation characteristic 
for on-off operation for pressures ranging from 5-50 kPa. 

4.2.4 Final design and integration of MEVAM valve with SPA-skin 
Keeping the goal control of soft pneumatic actuators (SPA-skin) to build a wearable soft interac-
tive haptic platform. A solenoid 3/2 way valve design is considered. The final design is composed 
of a copper solenoid electromagnet controlling the position of a permanent magnet plunger, to 
achieve high-frequency actuation. Additive manufacturing grants design flexibility and fewer 
parts for improved integration with the actuators. Our first concept was based on the use of resins 
yielding flexible parts upon printing. A permanent magnet is attached to a flexible membrane, 
acting both as a guide and spring for the magnet. We successfully printed this prototype design 
(Figure 4:11A) which yielded a maximum operating pressure of 12 kPa. This pressure is much 
lower than the required 30 kPa. To further improve the design, we fabricated a membrane-less 
valve that would not hinder the permanent magnet motion while allowing the fabrication of a 
monolithic design (Figure 4:11B), by inserting the magnet during the printing process. These valve 
prototypes met the requirements of a 10 Hz actuation at a pressure able to actuate the SPA-skin 
(30 kPa, Figure 4:11C). This actuation was performed at 1.5 W with an operating temperature of 
around 120°C (Figure 4:11D). Higher operating pressures, up to 50 kPa, could be reached using 
a higher operating power (3W), but the heat generated would damage the valves and even the 
solenoid themselves. Despite the mitigated operating temperature, the plastic printed valves 
would still crack and fail after several minutes of operation. We implemented a two fold strategy 
to tackle this issue. First, we designed a 3D printed metal heat sink for passive cooling of the 
solenoid coil down to 80°C (Figure 4:11D). Second, we purchased a commercial resin rated for 
high temperatures whose mechanical properties are not impacted at 80°C. According to an aging 
test performed on four different valves using a custom setup built for the occasion, these strate-
gies resulted in valves operating for 5 million cycles before failure (6 days continuous operation 
at 10Hz). These valves were then integrated into a demonstrator with four SPA-skin actuators 
using flexible 3D printed manifolds (Figure 4:11E) to generate a variety of tactile feedback from 
0-50 Hz at different duty cycles for modulable amplitude and traveling wave for multimodal hap-
tic information transfer using a single pneumatic inlet tube.  

The next step is developing a fully integrated haptic system including these electromagnetic 
valves. The sensors integrated inside SPA-skin will be used to close the loop between the valve 
actuation and SPA-skin feedback for wide range of controlled force feedback. In parallel, an op-
timization of the coil design will determine its geometry and for an improved dynamics.  
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Table 4:4 Operational specifications and dimensional evolution of three MEVAM designs over 12 
months. The reduction of operational temperature improves the valve’s lifetime up to 5 million cycles. 

 

Figure 4:11 Exploded view and characteristics of MEVAM prototype integrated in SPA-skin. Composite 
soft valve design with a flexible membrane (A). PM embedded monolithic prototype of valve with printed 
heat-sink and off the shelf solenoid coil (B). Dynamic characterization of final prototype design (c) and tem-
perature effects of heat sink (d). Wearable prototype with 4x1 haptic display for up to 50 Hz actuation at 30 
kPa input pressure.  

 Composite soft 
valve 

featuring a mem-
brane 

Monolithic hard valve 
without heat sink 

Monolithic hard valve 
with heat sink 

Operating pressure 
/ power / tempera-

ture 

12kPa / 3W / >250°C 50kPa / 3W / >250°C 
30kPa / 1.5W / 123°C 

30kPa / 1.5W / 80°C 

Dimensions 20×20×20 mm3 9×9×12 mm3 15×15×12 mm3 
Lifetime Untested ~20 cycles Untested ~50 cycles > 5 million cycles 
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4.3 Flow path optimization for soft pneumatic actuators: Towards 
optimal performance and portability  

4.3.1 Introduction 
Soft pneumatic actuators (SPAs),6 are highly desirable for interactive robotics applica-

tions owing to their unconventional properties like high compliance, safe human-machine inter-
action, and adaptable design space. Especially for applications such as wearable devices [37], [69], 
[195], [206]–[208] , mobile robots [209]–[213] and material handling [139], [214], [215], soft actu-
ators have shown promising potential [216]. In addition to its design, the SPA dynamics are gov-
erned by pneumatic supply systems (PSSs) consisting of source, valve, and tubing. Although their 
functionality is well-known, the inter-dependence of PSS components and their impact on the 
SPA behavior has not been quantified, especially in the context of performance and portability. 
Using the metrics of maximum actuation frequency, air, and energy consumption per actuation 
cycle, here we systematically investigate the effect of five parameters: SPA size, tubing diameter 
and length, source pressure and valve flow capacity, on the performance and portability of SPAs.  

In the case of SPA actuation, the pressurized air is provided by pneumatic supply systems (PSSs), 
most commonly consisting of three main components: source, to generate the pressurized air, 
valve, to control the direction of flow, and tubing, to connect the different components to each 
other [217]. While the actuation mode, force, and displacement are governed by the SPA design 
and loading conditions [218], the actuation speed is determined by the pressure and flow dy-
namics of the SPA, which are governed by the PSS [217]. The force and displacement require-
ments for a given application can be fulfilled by selecting or designing the appropriate SPA. Once 
these requirements are met, an important metric that defines the SPA performance is the maxi-
mum achievable speed of actuation, involving sequential inflation and deflation. 

 

                                                                 

The material presented in this chapter is adopted from the following self-authored publications: 
 
[201] S. Joshi, H. A. Sonar, and J. Paik, “Flow path optimization for soft pneumatic actuators: To-wards optimal perfo 

mance and portability,” IEEE Robot. Autom. Lett., Feb. 2021.  
My contributions to this work has been: the research problem formulation, design of experiments, data collection and 
results analysis, writing and reviewing of the manuscript.  
The first author, Sagar Joshi developed the modelling of SPA-dynamics, as well as the corresponding simulation results 
were also obtained by the first author. Both authors contributed to writing and reviewing of the manuscript equally and 
were involved in all the discussions for project progress. 
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Figure 4:12 Flow-path optimization of SPAs. (A) Schematic of the experimental setup for powering the 
SPAs. We use an external regulated source, and standard commercial valve and tubing. We measure pres-
sure at the source and SPA using pressure sensors, and the in-flow and out-flow using flow sensors. (B) 
Three generic SPAs: SPA-pack [147], [219], fast pneumatic actuator [147], [220], and SPA-skin [55], [195], 
[221]with different volume ranges and application requirements to evaluate the optimization model. (C) 
Examples of SPAs in literature, comparable to those tested in this study, ranging from wearable haptic de-
vices [55], [195], [221] to grippers [220] or manipulators [222], [223] 

For instance, it impacts the locomotion speed of a mobile robot [209]–[211], [211]–[213], the 
frequency of vibrotactile stimulation in a haptic device [55], [195], or the number of objects that 
could be manipulated by a gripper in a given time. For applications requiring untethered opera-
tion, another important factor to be considered is portability. This can be defined in terms of the 
amount of air and energy consumed by the SPA in one actuation cycle. The total duration of 
untethered operation can then be defined using the maximum number of actuation cycles at-
tainable in a single charge. Even for tethered robots, air and energy consumed per actuation cycle 
are important as they directly affect the economic costs, for instance an SPA used for gripping 
and manipulating objects in an industrial workspace. As the generated air is provided by the PSS, 
it is evident that the appropriate sizing, selection, and control of its components is critical for 
achieving the desired SPA output. Despite its importance, studies on the effect of the PSS on the 
SPA with respect to its performance and portability have been limited. Wehner et al. [69] studied 
different options for providing the pressurized air, and compared them with respect to their flow, 
air capacity and weights. However, this study focused only on the source, not accounting for the 
valve and tubing, and was independent of the SPA used. In our previous work [217], we  modeled 
the pressure and flow dynamics of SPAs, studied the effect of its model parameters, and opti-
mized them for meeting application-specific metrics for performance and user-defined con-
straints such as size and weight. However, this study did not explicitly investigate the practical 
decisions for selection and control of components towards performance and portability. For ex-
ample, a SPA with long tubing requires an additional amount of air and energy for pressurizing 
the extra dead volume of the tubing. To compensate this, the diameter can be reduced, but this 
increases flow resistance which reduces actuation speed. In such a case, the source pressure can 
be increased for faster inflation response, but at an increased pressurization energy cost. Such 
inter-dependencies and trade-offs among different components and their properties affect per-
formance and portability of SPAs. While a well-tuned set of these parameters could be achieved 
heuristically, it would be time-consuming, without guarantee of optimality, and would require re-
tuning if a PSS component or SPA is replaced. It is yet to be studied in detail how the selection 
and control of PSS components can be optimized to maximize the actuation speed, while mini-
mizing the air and energy consumption. 

In this section, as a follow-up study to [217], we investigate and model the effect of five param-
eters: SPA size, tubing length, tubing diameter, source pressure, and valve conductance; and how 
they can be optimized towards improved performance and portability. Specifically, we study how 
they impact the maximum actuation frequency, energy consumption, and air consumption. We 
first model the pressure and flow dynamics of the PSS while considering the effect of source, 
valve, tubing, and SPA. We numerically solve this model to simulate the SPA pressure response 
for a range of parameter combinations to study their effect on maximum actuation frequency. To 
validate our results experimentally, we define an experimental protocol and test in a total of 162 
parameter combinations which included: three each of SPA, tubing diameter, tubing length and 
source pressure, and two valves. In addition to defining and studying these parameter combina-
tions, we also address practical necessities such as characterizing the flow through a PSS compo-
nent, and delays due to response times of the valves. The experimental results are consistent and 
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coherent with the model predictions, and help to understand better the trends of how various 
parameters affect SPA performance. Our comprehensive approach considers the dynamics of the 
complete system, SPA and PSS, thus going beyond the state of art, which have considered ma-
terial selection [12] or quasi-static mechanical behavior [40], [57]. Furthermore, the analysis of air 
and energy consumption helps to evaluate the portability and operational costs for a given SPA 
and PSS. The universal applicability of our model along with comprehensive test protocols con-
sider the complete system, PSS and SPA, and enable to optimize the selection and control of PSS 
components for performance and portability. The main contributions of this work are:  

• Soft actuator performance Modeling and development of a systematic understanding of the 
complete system, PSS, and SPA, based on the effect and inter-dependencies of five parameters: 
SPA size, tubing length and diameter, source pressure, and valve flow capacity. 

 • Design of experiment, parametric definition and development of protocols to optimize PSS 
towards performance and portability for a given robotic application.  

• Experimental validation of SPA performance model with consistency and conformity of predic-
tions for 162 unique parameter combinations, using three commonly used SPA designs (Figure 
4:12B). 

4.3.2 Modeling SPA dynamics 
The actuation speed of a SPA is determined by its pressure and flow dynamics, governed by the 
PSS. Similarly, the total air and energy consumed by the PSS is governed by the properties of the 
SPA and PSS. To better understand their effect, and to enable PSS optimization, we model the 
pressure and flow dynamics and the air and energy consumed. 

A. SPA pressure dynamics PSSs consist of three main components, the source, valve and pneu-
matic line. To model the pressure and flow dynamics of the PSS, we first make some assumptions 
[224]–[229]: : (i) air behaves like an ideal gas; (ii) there is no leakage; (iii) the ambient is at standard 
temperature, T0 = 293.15 K, and pressure, P0 = 0 kPa; iv) all processes occur at standard temper-
ature T0; (v) pressure in the actuated volume is uniform. We define the source using its pressure, 
Psrc, the valve by its flow capacity, as explained later, and the tubing by its diameter, D, and length, 
L. We model the SPA as a chamber with variable internal volume ranging from Vi at P0, to Vf at 
the operating pressure Pop. As the tubing between the valve and SPA is also pressurized during 
actuation, it cannot be ignored, especially when its volume is comparable to that of the SPA. 
Therefore, we consider the tubing in the overall SPA volume Vspa, and model its pressure dynamics 
as:  

 

 

Where R is the ideal gas constant, Mair is the molar mass of air, ρair is air density at P0, T0, Qspa is 
the mass flow to the SPA expressed as flow rate (L/s), under standard conditions. For one mole 
of air at standard conditions, V0 ×10−3 = Mair/ρair, where V0 is the volume of one mole of air at P0, 
T0. The 10−3 term is seen because V0 is expressed in L instead of m3 . Similarly, the ideal gas law 
for one mole is: P0V0 × 10−3 = RT0. Using these relations in Eq. 1 we get, 

Equation 4:2 

 

Equation 
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B. Modeling pneumatic flow through PSS From Eq. 2, we see that the SPA pressure dynamics 
are directly affected by the flow through the PSS. We model it using the ISO 6358 [228] standards, 
because it is readily useable with most commercial components, as well as networks of compo-
nents connected in series or parallel. It models the flow as follows: 

Equation 4:3 

 

Where PHigh and PLow are the absolute upstream and downstream pressures, respectively; C and b 
are the sonic conductance and critical ratio respectively of the component, and Ψ is the flow 
function defined in Eq. 3. When the pressure ratio is below the critical value, b, the flow is choked 
and only depends on source pressure. When the pressure ratio is above the critical value, it fol-
lows an elliptical relationship with the pressure ratio and becomes zero at a pressure ratio of 1. 
For the tubing, the above parameters can be calculated as [227], [230]: 

Equation 4:4 

where L and D are the tubing length and inner diameter respectively in m. For the valve and other 
components such as pneumatic connectors, C and b can be found in the technical manual, or if 
unavailable, experimentally characterized as described in previous sections and Fig. 2. The effect 
of multiple interconnected components can be  modeled by calculating the equivalent conduct-
ance, Ceq, and critical ratio beq, using the appropriate expressions for series and parallel connec-
tions as described in the Supplementary information. We see that the equivalent conductance, 
Ceq, is always lesser than that of smallest value in the set of components connected in series. Each 
and every component in the flow path must, therefore, be selected carefully as a single poorly 
selected component could cause the PSS as a whole to underperform. 

C. Modeling air and energy consumption. Here, we consider the amount of air and energy 
consumed in one actuation cycle of inflation-deflation. For an untethered PSS, the overall porta-
bility then can be defined in terms of the total number of actuations that can be powered in one 
single charge. Let Vi and Vf be the initial and final internal volumes respectively of the SPA. After 
adding the tubing volume Vtube = πD2L/4, the internal volume increases from Vi + Vtube to Vf + 
Vtube at the SPA operating pressure, Pop. Taking the difference, the total air required to inflate 
the SPA from P0 to Pop is given by: 

Equation 4:5 

The energy required by the source to pressurize and store this amount of air at Psrc is given by: 
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Equation 4:6 

Thus, even though the SPA is powered to Pop, the energy consumed is dependent on the pres-
sure at which the air is generated and stored in the PSS. A higher Psrc will lead to higher flow, 
leading to a faster inflation response of the SPA, but at the price of higher energy consumption. 

 

D. Defining the optimization problem Eq. 2 - 7 model the dynamics and air and energy con-
sumption of an SPA. For a given application, if the SPA is selected, the designer has the liberty to 
choose the PSS components and their parameters: (i) the source characterized by its pressure Psrc, 
(ii) the valve, characterized by its conductance Cvalve, and (iii) the tubing, characterized by its di-
ameter D and length L. The careful selection, sizing and control of these components is crucial to 
achieve the desired performance and portability. As described earlier, the maximum achievable 
frequency of sequential actuation, fmax, is an important factor for many applications. Similarly, 
the amount of air consumed, A, and energy consumed, E, per actuation cycle are indicators of 
how long the PSS can power the SPA in a single charge. Therefore, selecting these three as our 
metrics, we define a multiple-objective optimization problem for optimal performance and port-
ability as follows: 

Equation 4:7 

where x is the PSS design variable holding values of Psrc, Cvalve, D and L, and w1, w2 and w3 are 
weights denoting the relative importance of each objective. Table I summarizes the effect of the 
design variables on the three metrics. Additionally, it also signifies how the SPA size affects them. 

 

The above relations are straightforward for most parameters: increase in source pressure would 
increase fmax, but at a cost of higher E. Or that increasing valve conductance would lead to higher 
flow, and ultimately higher fmax, and so on. The relation for tubing diameter, however, is not so 
simple. As D increases, the flow resistance decreases, meaning that there would be more flow 
through the PSS, indicating a faster response. However, the amount of air required also increases, 
slowing down the overall response, which is why we denote its effect on fmax using A and E. 

4.3.3 Simulations and experimental protocol  
In this section, we study the effect of five parameters, source pressure, valve conductance, tubing 
diameter, tubing length, and SPA size on the actuation frequency, air consumption and energy 
consumption. Using Eq. 2 to 7, we first numerically simulate the inflation and deflation cycles. We 
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then validate the model predictions experimentally using 162 combination of parameters con-
sisting of different SPAs, valves, source pressures and tubing sizes. 

A. Simulation study We  modeled Eq. 2 to 7 in MATLAB, and solved the differential equation 2 
to simulate SPA pressure response from P0 to Pop = 50 kPa. While we chose an operating pressure 
of 50 kPa, the presented methods can be repeated for any other value. In order to study the effect 
of the different parameters, we carried out the simulations while varying the values of the param-
eters defined in Table I. The different parameter values during simulations were selected based 
on commonly used components in soft robotics. Similarly, the three SPAs  modeled were of three 
sizes, large, medium and small, so as to represent and encompass currently existing designs. SPA 
size, We considered three SPAs of different sizes as shown in Fig. 1B and as described below:  
1) SPA-pack, consists of four fibre-reinforced cylindrical SPAs, held together in a soft silicone 
matrix. Its internal volume is Vi = 57 mL at P0, and Vf = 60 mL at Pop = 50 kPa. 2) Pneunet, is one 
of the widely used bending SPAs. Its internal volumes are Vi = 3.2 mL at P0, and Vf = 10.7 mL at 
Pop = 50 kPa. 3) SPA-skin, is a low-profile SPA providing vibrotactile feedback. It is constructed 
by introducing an air gap between two layers of silicone. Its internal volumes are Vi = 0.1 mL, and 
Vf = 0.5 mL at Pop = 50 kPa. Tubing, We considered three values of tubing length L = 1, 2 and 5m; 
and 25 linearly increasing values of tubing diameter from D=2 mm to 5 mm (resolution 0.125 
mm). Source pressure, We considered three values of Psrc = 60, 80 and 100 kPa. Valve conduct-
ance, We considered the following two valves: SMC VZ100 series (Valve 1) and Festo MH3 series 
(Valve 2). The ISO6358 model parameter values for these valves were calculated by experimental 
characterization, as explained in section 3.3.2 Figure 4:13 and Table II. We used a standard nu-
merical solver, ode45, in MATLAB to simulate the inflation and deflation response for the above 
conditions. For simulating the SPA expansion during pressurization, we assumed that the SPA 
volume, Vspa varies linearly with the SPA pressure Pspa, from Vi + Vtube at P0 to Vf + Vtube at Pop [217] 
Using the simulated pressure response in inflation and deflation, we calculated the maximum 
actuation frequency as: fmax = (Trise + Tfall) −1 , where Trise and Tfall are rise time and fall time of the 
SPA pressure from 2% to 98% and 98% to 2% respectively, of Pop. Similarly, we calculated the air 
consumption, A, and energy consumption, E, using Eq. 6 and 7 respectively. 

 

 

Figure 4:13 Experimental characterization of the valves used. We connected the valves to a source, varied 
the pressure, and measured the flow through their inflation and deflation paths. Using a non-linear solver, 
we fitted the measured flow to the ISO 6358 model [228], [231]shown in Eq.4. 
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B. Experimental testing. We test three SPAs described earlier to validate our simulation results 
from the model. For all parameters except tubing diameter, we chose the same values as that for 
the simulations. For the diameter, we chose three sizes: 2.5, 3 and 4 mm, based on commonly 
used commercially available options. This led to a total of 162 testing conditions with 3 SPA types, 
3 source pressures, 3 tubing lengths and 3 tubing diameters, and 2 valves. The experimental setup 
(Figure 4:12A) consisted of an external regulated pressure source, a solenoid valve (Valve 1 or 2), 
the SPA (SPA-pack, pneunet or SPA-skin) and tubing (L = 1, 2 or 5 m; D = 2.5, 3 or 4 mm). We 
use two flow sensors (Honeywell Zephyr series) to measure the inflow and outflow, and pressure 
sensors (Honeywell HSC series) for measuring source pressure, and SPA pressure. We used a 
microcontroller (Teensy 4.1) to read all sensor values at 1 kHz and control the valves to inflate or 
deflate the SPA. Prior to testing, we characterized the two valves used. This was necessary, as the 
C and b values for Valve 1 were different for inflation or deflation, and those for Valve 2 were not 
available in the technical datasheet. We connected the valve to the source and measured the 
valve flow through the inflation (source to SPA) and deflation (SPA to ambient) paths, while var-
ying the source pressure. Using a non-linear least squares solver, ‘lsqcurvefit’ in MATLAB, we fit 
the measured pressure and flow data to ISO 6358 parameters C and b for the two valves in infla-
tion and deflation. Figure 4:13 shows the fitted model vs. measured flow through the valve and 
Table II shows the root mean squared errors (RMSE) between the two. This method can be readily 
applied to any other PSS component to characterize the flow vs. pressure relationship. 

 

We connected the various options of the SPA and PSS, and tested them in the 162 parameter 
combinations as described earlier. For every testing condition, lasting 10 s each, the microcon-
troller controlled the valve state to cyclically inflate and deflate the SPA between 1 and 49 kPa. 
Initially, we used a simple control algorithm, that changes the valve state when the SPA pressure 
reaches one of its two limits, as follows: 
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Figure 4:14 Comparison of SPA-skin pressure response with and without delay compensation. Without 
delay compensation, the SPA-skin is over-pressurized up to 80 kPa which is not only slower, but also harmful 
for the SPA. With delay compensation, the valve is switched preemptively, predicting when the SPA will 
reach its target. This increased the SPA-skin fmax from 6 Hz to 9.6 Hz and reduced A from 6.2 mL to 3.8 mL. 

 

 

Figure 4:15 Comparison of predicted vs. measured values of the maximum actuation frequencies, fmax, 
for the SPA-pack, pneunet and SPA-skin, for a tubing length of 1 m. We observe that fmax increases with 
valve conductance and source pressure, and reduces with SPA size. For the tubing diameter, interestingly, 
we find the existence of a value with the largest fmax, such that fmax reduces above or below this value of 
D. Furthermore, this diameter changes with the SPA size and valve conductance. For instance, it is 3 and 
4mm for the SPA-pack, whereas it is 2.5 and 3 mm for the pneunet for valve 1 and 2 respectively. 

 

However, this led to over-pressure, especially for the SPA-skin reaching upto 80 kPa when pow-
ered at Psrc = 100 kPa. This occurred because the response time of the valve introduced a delay 
in the system. In addition to reducing fmax and increasing A and E, over-pressure could cause 
failure via bursting of the SPA. To address this, we modified the control algorithm to compensated 
for the valve delay as follows: 
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where, d is the delay due to valve response time. This modified algorithm uses the known value 
of valve delay, predicts when the SPA will reach its target, and pre-emptively switches the valve 
ON or OFF to prevent over-pressure. We calculated this value using the time-lag in the measured 
pressure response and applied signal, equal to 25 ms and 8 ms for Valve 1 in deflation and infla-
tion respectively and 3 ms for Valve 2. Figure 4:15 shows the effect of this delay compensation 
algorithm for the SPA-skin. As seen from the Figure 4:15., this led to a 60% increase in fmax from 
6 Hz to 9.6 Hz, and reduction in A by 35%, from 6.2 mL to 3.8 mL. 

 

 

Figure 4:16 Comparison of predicted vs. measured values of the maximum actuation frequencies for 
the SPA-pack, pneunet and SPA-skin, for a tubing length of 5m. As for the tubing length 1 m, we observe 
similar trends here with fmax increasing with Psrc and Cvalve, reducing with SPA size, and the existence of the 
optimal tubing diameter, with largest fmax. Another observation is that while fmax is expected to reduce with 
L, the reduction is significantly higher for the SPA-skin, followed by the pneunet and least for the SPA-pack. 
This occurs because of the relative size differences between the three SPAs. 

4.3.4 Results and conclusion 
Here, we analyze the results from our simulations and experiments and compare them to evaluate 
the accuracy of the model. Figure 4:15 and Figure 4:16 compare the measured fmax to that from 
simulations. Our model accurately captures the behavior of fmax for the different SPAs at varying 
tubing lengths, diameters, Psrc, and valves, with the exception of pneunet at 1m tubing length. 
The differences are large for the pneunet with 1 m tubing because at frequencies above 5 Hz, it 
could not completely bend as expected, and started oscillating at a partially expanded/bent state 
between fully expanded and deflated positions. This led to a mismatch between the  modeled 
values of Vi and Vf , and eventually, the deviation from the predicted response. These two oscil-
lation modes can be seen in supplementary video S1, where, for a tubing length of 2m, we see 
the transition between normal and abnormal oscillations. For larger tube lengths and therefore 
lower fmax values, however, the measured values do match the model predictions. We can also 
see that the data matches the trends as predicted in Table I. As expected, fmax increases with Psrc 

and valve conductance, and decreases with SPA size and tubing length. The fastest response, with 
44 Hz for the following parameter combination: Valve 2, tubing length and diameter of 1 m and 
2.5 mm respectively and Psrc of 100 kPa. This is logical as a lesser amount of air is required for 
powering a smaller SPA. Conversely, we see a reduction in fmax with increase in tubing length due 
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to increased Vspa. The relative difference in fmax between 1 m and 5 m tubing is more for the 
smaller SPA-skin, as a much more significant proportion of Vspa is due to the tubing. As opposed 
to other parameters, the tubing diameter shows a very interesting trend as seen from the figures. 
We see that there is a unique diameter for a given set of SPA, source pressure, valve, and tubing 
length that gives the fastest response. This diameter, with the largest fmax, is larger for large SPA 
and system with higher valve conductance. For example, for the SPA-pack, this diameter is 3 mm 
for valve 1 and 4 mm for valve 2. Similarly, for the pneunet, it is 2.5 mm for valve 1 and 3 mm for 
valve 2. For SPA-skin, the tubing with 2.5 mm diameter has highest fmax for all conditions. Thus, 
the tubing diameter has to be selected appropriately according to the valve used, as well as SPA 
size. In addition to fmax, we calculated the air and energy consumed for the different parameter 
combinations. For calculating energy consumption, we take values from this figure and use Eq. 7. 
From Figure 4:15 and Figure 4:16, we observe for a given PSS (Psrc, Cvalve, D and L) that A has an 
inverse relation with fmax. For example, for tubing of size 2 mm diameter and 1 m length, the SPA-
pack and SPA-skin frequencies are 2.9 Hz and 43.5 Hz, and corresponding A values are 38.5 and 
2.2 mL. This is because, the product of fmax and A is the average flow output per sec for the PSS, 
which would be roughly the same even while powering different SPAs. Furthermore, this product 
is proportional to the product of Psrc and Cvalve, which is an indication of the flow capacity of the 
system, as seen from Eq. 3. Using these results, we can compare different options and select the 
optimal components for the given objective function. We explore two examples, as shown below 
in Table III. 

 

To achieve fmax of 4 Hz with the SPA-pack with 1 m tubings, we note from Figure 4:15 that we 
need valve 2. We can achieve 4 Hz by choosing one of the three options as shown in Table III. If 
E has to be minimized, then the first option is preferable. But if Psrc = 100 kPa is accessible without 
extra costs, then the third option has to be chosen as it will minimize A. Taking another example 
with the SPA-skin, to achieve 6Hz with 5m tubing, we will again need valve 2, and we can choose 
one of the two options shown in Table III. In this case, the second option with smaller diameter 
and higher pressure is the optimal solution as it minimizes both A and E. 

In conclusion, we developed a pressure dynamics model for the entire PSS and SPA system using 
first principles. We designed an experimental protocol including flow characterization of PSS 
components, valve control strategy for maximizing actuation frequency and definition and selec-
tion of PSS and SPA parameter combinations. Using this protocol, we simulated and experimen-
tally measured the maximum actuation frequency for 162 parameter combinations, based on 
commonly used components and 3 SPA designs: SPA-pack, Pneunet, and SPA-skin. Results from 
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experiments and simulations show a good agreement, depicting the trends of how different pa-
rameters affect SPA performance. We also observe that there exists an optimal tubing diameter 
that maximizes the actuation frequency for the remaining set of four parameters. By further an-
alyzing air and energy consumption, this work allows us to define and solve a multi-objective 
optimization problem to select and control PSS components in order to simultaneously optimize 
the SPA performance and portability 

 

4.4 Peripheral interfaces for SPA control: Portable pneumatic con-
trollers  

4.4.1 Problem formulation and design optimization for fMRI 

We had an opportunity to develop and optimize the SPA-skin system for developing a plug-n-
play interface compatible for an fMRI. SPA-skin being made up of soft-silicone which is bio-com-
patible and is driven by pneumatic air, made it as a safe way to provide tactile feedback inside an 
fMRI scanner. However, here the most important challenge is tube length of 5-6 m to stimulate 
SPA as the electromagnetic control valves will be outside the faraday’s cage of fMRI device, which 
will severely limit the operational bandwidth. 

To optimize for this scenario, we described this system as a pneumatic circuit (Fig. 1), with four 
major components: Pressure source, pneumatic valve, tubing, and the SPA-skin inspired by the 
flow path optimization model [201]. As the length of the tubing is large (over 2 metres), the tube 
diameter becomes a critical factor that affects the performance of the actuator. A smaller tube 
diameter causes increased flow resistance, which delays the response. Conversely, a large tube 
diameter increases the total amount of air required to pressurize the actuator, which can also 
slow the response due to the higher flow rates required. To better understand the system per-
formance, we  modeled the SPA-skin’s pneumatic circuit using a flow-based analysis. 

 
Figure 4:17 Schematic of SPA-skin pneumatic power supply system 

 
The current setup used in NCM Lab at ETHZ has 5 m long tube with 2.6 mm inner diameter and 
a valve with 40 l/min flow rate (at input pressure 2 bar). Our model predicts that this system has 
a maximum bandwidth of ‘5 Hz’ for an actuation pressure of 50kPa at the SPA (Figure 4:5). At an 
actuating frequency above 5 Hz, the peak-to-peak actuation amplitude will reduce. 

We conducted an optimization study of the pneumatic circuit in order to improve the perfor-
mance of the current system. Based on our results, we recommend using a bigger valve (200l/min 
flowrate), 4 mm inner diameter tubing, and a head pressure of 5 bar to increase the actuation 
frequency to 11 Hz.  
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 Table 4:5 Parametric optimization results for 5 m tube-length. The bandwidth improves from 5 Hz to 
11 Hz with 25/75 on/off duty cycle (A) and selection of 4 mm I.D. for tubing 

The current system at NCM Lab in ETHZ uses the ON and OFF timings of the valves (duty cycle) 
as 50%-50%. As seen from Figure 4:5, we need the ON-OFF timing of the valve PWM signal to be 
25%-75%, respectively. The actuators will still work at higher frequencies up to 50 Hz with reduced 
amplitude, which can be perceived on the skin. 

4.4.2 Portable pneumatic control system prototypes: 

 

 

Figure 4:18 Portable pneumatic controller prototypes for driving multichannel SPA-skin. (A) a high-band-
width custom setup gives upto 200 Hz of actuation with 200l/min flow at 24V actuation. (B) The portable 
setup hosts a 4 independent pneumatic control valves to drive a 2x4 patch of SPA-skin. The system is pow-
ered through a 12V DC pump, which can produce pressures up to 100kPa. The integrated microcontroller 
allows for generation of multi modal vibratory actuation or travelling wave patterns controlled through three 
potentiometer knobs.  
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Device specifications:  
 

 Portable A/C powered Handheld DC 
Battery powered 

Dimensions 450x350x150 mm3 150 x 90x 80 mm3 
With pump 

Controller Arduino Arduino Micro board 
Frequency range 0-200 Hz 0 – 200 Hz 
Pressure range 0-200 kPa 0 – 100 kPa 

Independent actuation 8 valves 4 valves 
Number of actuators sup-

ported 
8/16  8 actuators 

Battery (2 Nos.) N.A. 11.1V - 750mAh per each  
Power consumption 120 W (Max.) 

10-15 W (Avg.) 
600mA (Avg.) -> 2.5 Hours 

backup  
900mA (Max.) -> 1.3 Hours 

backup 

Table 4:6 Device specifications for the two SPA-skin portable pneumatic supply devices designed for a portable 
heavy duty application like fMRI (A) and a handheld battery operated tactile feedback device (B) 
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 Towards human-in-loop tac-
tile feedback design with SPA-skin  
Humans are an intricate part of human-robot interactive systems. Motivated by the compliance 
and mechanically impedance matched feedback, we developed SPA-skin platform that is weara-
ble, low profile and capable of providing wide range of controlled feedback actuation at given 
location as discussed in Chapter 2. In this chapter, we attempt to close the loop with human side 
to validate the effectiveness of our technology. In particular, the limitations of human somatosen-
sory perception plays a key role in determining how much information, can be transferred be-
tween the user and the haptic interface. 

For any haptic interface to effectively deliver physical signals to humans, the information encod-
ing needs to be derived from the tactile cues above certain thresholds and within the bandwidth 
of human perception. A numerous studies have been done in deriving the tactile perception 
thresholds for different locations on the body [9], [10], [44], [232]. Even though human haptic 
perception is responsive over a range of 20 to 400 Hz [51]; these studies have been mainly re-
stricted to high frequencies (100-350 Hz) [9]. Only a limited work has been done on studying skin 
sensitivity at relatively low frequencies (in the range 10 to 100 Hz) [44]. The most commonly used 
vibration motors function by exploiting the resonance of the vibration motor, so their output 
bandwidth is limited around the resonant actuation frequency from 100 - 350 Hz. There is hardly 
any available tactile platform with integrated sensors to modulate actuation force, frequency and 
stimulation pattern accurately, which limits the quantitative measurement of the stimulation pa-
rameters in this range. 

Beyond being in the range of human perception of touch, an interactive interface also needs to 
quantify the forces to be applied for realistic communication. Most tactile feedback interfaces 
employed a qualitative analysis for the detection of tactile stimuli for the validation. Further ex-
perimental protocols need to be developed to quantify the measurements of the performance of 
wearable haptic platforms. One way, to qualitatively and quantitatively validate the tactile feed-
back through somatosensory thresholds protocols for tactile perception thresholds at different 
part of the body.  

The SPA-skin presented herein, with its embedded sensing capacity and specific actuation range 
(0-100 Hz), provides a suitable platform for validating the human-in-loop protocols and the SPA-
technology itself as wearable tactile feedback interface.  We conducted three different experi-
ments where SPA-skin design is specifically adapted for each application case, as developed in 
Chapter 4. We designed the first experiment to identify the perceptual threshold amplitude, trav-
eling wave delay and difference in perceived frequency using up-down-transfer rule method 
(UDTR) [233]. The aim of this experiment is to develop generic protocol for human-in-loop char-
acterization of tactile feedback devices and to quantify the required threshold values using SPA-
skin. For this, we used 4x4 SPA-skin array with high-sensitivity piezo sensors specifically devel-
oped in Section 4.1 for wearability near forearm area. 

The piezo sensing layer not only help  control the feedback stimulation but also, to quantify these 
amplitude stimulation for a range of frequencies often not covered in other research, as the elec-
tro-mechanical stimulation devices lack the actuation bandwidth below 100 Hz. The results ob-
tained in pilot study show insights about minimum threshold values and the link with sensory 
neurons. Followed by this, we used SPA-skin as a plug-n-play device to integrate with a rehabili-
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tation robotic device (Reflex)[234], to study effect of stochastic stimulations on human proprio-
ception capabilities. A limitation of the UDTR type approach is that it depends on the participant’s 
detection, which is known to be biased. A more robust approach requires comparison of the 
stimuli features. Keeping this in mind, we developed a novel solution using SPA-skin which is 
fMRI compliant and can record directly the impact of various stimuli with imaging of human brain 
for the next experiments. 

Besides the wearability and high fidelity aspect, the soft silicone based construction and pneu-
matic actuation make it uniquely suitable for requirements of fMRI safe haptic displays. There 
hardly exists any device that can produce a localized and high amplitude feedback without intro-
ducing artefacts in the scanning. fMRI imaging enables to record, in real time the dynamic activ-
ities in brain upon an external stimulation at a specific location. We use SPA-skin with adapted 
control system (discussed in Section 4.4) to stimulate various locations on human body at specific 
frequencies between 5-30 Hz (based on the experiment). We discuss the protocol design, various 
experimental considerations and results for all the three experiments in the following Sections.  

The main topics of this chapter that discuss multiple human-in-loop subject studies employing 
the SPA-skin are: 

1. Quantification of the somatosensory thresholds for actuation amplitude, traveling wave 
delay, and the frequency difference perceived by the user, particularly in 10-100 Hz range. 

2. Design of protocol and studying diverse vibrotactile feedback and its impact on human 
proprioception used for wrist proprioception (in collaboration with SMS Lab, ETHZ) 

3. Somato-sensory stimuli differentiations using fMRI brain imaging with a novel soft tactile 
stimulator platform. (in collaboration with Plasticity Lab, UCL and NCM Lab,ETHZ ) 

5.1 Somato-sensory thresholds for human forearm using SPA-skin 
array 

5.1.1 Introduction 

We customized and fabricated a SPA-skin array with 4 x 4 tactile cells (taxels) for application on 
the human forearm (Figure 4:1). The size of the array and minimum distance between two taxels 
was determined by the two-point threshold (approximately 20 mm) of the forearm area distance 
[52]. This organization in the form of an array provides a wearable platform to design and conduct 
studies to help understand human tactile perception thresholds of SPA-skin. We then used this 
array to measure the minimum amplitude necessary to feel a burst of vibration at a given fre-
quency, the ability to localize a stimulus over a given area, and the ability to detect and charac-
terize a simple-shaped apparent movement.  

We designed a protocol to obtain the threshold parameters in two user experiments. The first 
experiment aimed to measure the changes in amplitude thresholds of vibrotactile bursts of fixed 
duration and pause intervals for a given set of frequencies using the same procedures as previous 
studies [10]. Findings of this experiment are essential to ensure consistent vibratory feedback 
force delivered to the wearer for the range of actuation frequencies, specifically for the 10-40 Hz 
range, which has not been extensively studied. Furthermore, the limited taxel resolution on areas 
like the forearm requires us to create interesting patterns with different modalities for a higher 
degree of information transfer. Therefore, it is essential to know how rapidly such information-
rich cues can be delivered. We designed the second experiment to determine the maximum 
speed of apparent movement that can be detected using a set of parameters as defined in pre-
vious studies [51], [235] and varying the burst duration and interval between bursts.  
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5.1.2 User study protocol with up down transfer rule (UDTR)  

A versatile user interface optimally utilizes the limitations of the human sensory system to simplify 
its design: the information that can be transferred is determined and limited by the human sen-
sory thresholds. To enable the SPA-skin system for effectively delivering physical signals to hu-
mans, the information encoding needs to be derived from the tactile cues above certain thresh-
olds and within the bandwidth of human perception. The SPA-skin presented herein, with its 
embedded sensing capacity and specific actuation range (0-100 Hz), is capable of stimulating 
and measuring somatosensory thresholds for two main mechanoreceptors, RA-I and RA-II type 
[52]. To determine the actuation threshold and traveling wave delay threshold for the forearm 
area, we designed two experimental protocols using the SPA-skin array (7 healthy subjects, age 
18 – 30). 

Experimental Setup: Figure 5:1shows the experimental setup and the functional block diagram 
used for the characterization of SPA-skin array to study its effectiveness as a wearable tactile 
device. The conditions of pressure, frequency and channel are selected within the experiment 
through the Visual Basic interface (1), which communicates with the serial port of a couple of 
Arduino AT Mega 2560 (in master-slave configuration), and an Arduino Micro (2). The Arduino 
Micro sends a PWM Signal to the regulator to change the input air pressure of the actuators (3). 
The AT Mega (4) sends the PWM signal to 16 solenoid valves which generate a frequency mod-
ulation (5), using the pressure regulated air flow. This air enters the channels of the actuators and 
have the selected actuator to vibrate at a chosen frequency and pressure (6). The Bracelet’s input 
pressure was set before experimentation to 5 kPa(7). The PZT sensor \cite{sonar_wearable_2016} 
is placed on top of the actuator and generates an output signal from the actuator’s vibration (8). 
The signal is amplified and filtered (9), and converted into numerical values by the Arduino Micro. 
It is then acquired and recorded on the Visual Basic interface (1). The LEDs (10) are used in the 
experiments. 
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Figure 5:1 Experimental setup for human-in-loop characterization of the SPA-skin. Various 
components of the setup are depicted from 1 to 10 used for conducting the experiments. 

Experiment 1, threshold force detection: This experiment is designed to determine the min-
imum vibrotactile threshold force required for stimulation at different vibration frequencies. 
As with any soft interface, the SPA-skin does not yield repeatable output data for the actuation 
amplitude under variations in loading conditions. However, using dynamic system characteriza-
tion, it is possible to measure the vibratory average threshold force exerted by the SPA on the 
human skin. This user study was conducted for frequencies of 10 Hz-100 Hz (results in Figure 5:2). 
During the study, a burst of the desired amplitude and frequency actuation was delivered for 500 
ms, with a pause of 2 s, during either of the two green or red LED blinks (Figure 5:2B). If the user 
was able to feel the correct stimulation three consecutive times, the actuation threshold dropped 
by a 3 kPa. Where the user fails to notice the stimulation, the actuation threshold is increased by 
the same step of 3 kPa. This approach is known as transformed-rule up and down (UDTR) method, 
which is used to obtain the stimulus level required for at least 75 % correct responses [233]. In 
order to tune the PWM around the threshold, sufficiently high input air pressure is set before 
starting each experiment. The mean value of the input pressures required for reaching the thresh-
old was recorded, as shown in Figure 5:2B. We obtained slightly higher average threshold values, 
0.08 N, for lower frequency ranges (10-40 Hz),as compared to the, 0.07 N, for higher frequency 
ranges (60-100 Hz). This result suggests different mechano-receptors may have been responsible 
for the thresholds across the two regions. 

Experiment 2, traveling wave delay: The SPA-skin array allows independent actuation of each 
individual taxel to create a variety of possible patterns. This enables the generation of distinct 
and traveling waves with specific directions and durations for various directional tactile cues. In 
this experiment, we focused on gathering widely usable threshold data. More specifically, the 
experiment was designed to determine the speed limit at which the “Phi effect”  (see [232]) 
(target stimulus) occurs to be recognizable (in comparison with a non-target stimulus). We used 
a forced-choice tracking to determine the threshold ability to differentiate two stimuli, i.e. the 
target and non-target so-called “Phi effect” movements. The target stimulus was the actuation 
sequence, which went from the forearm to the wrist, before going back down to its initial point 
of departure (Figure 5:2A). The non-target stimulus was the inverse direction. The subject was 
required to identify the interval of occurrence for the target stimulus. When the subject consec-
utively answered correctly three times, the speed of the wave was increased, with a constant step, 
using the formula relating inter stimulus onset interval (ISOI) and bursts duration (Eq. 5:1 & 5:2) 
for maximum the apparent traveling speed felt by the wearer [51]. We approximated the ISOI 
linearly, continuously in two parts as: 

ISOI = -1.428 x (stimulus duration) + 71.42, If stimulus duration < 15 ms (Equation 5:1) 

ISOI = 0.432 x (stimulus duration) + 43.51, If stimulus duration > 15 ms  (Equation 5:2) 

If the subject’s answer was incorrect, the speed of the wave was decreased at the same rate. The 
amplitude of the wave was 15 dB above the threshold determined during Experiment 1, and was 
varied around this 15 dB. The results showed that the traveling delay did not vary significantly 
over the range of frequency tested. The observed mean value for minimum delay was 105 ms, 
100 ms, and 100 ms for 10 Hz, 30 Hz, and 70 Hz, respectively, with a standard deviation of 20 ms 
for three tests across all the subjects.  
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Figure 5:2 Experimental user study with the placement of SPA-skin on forearm. (A) Adjust-
ment of SPA-skin on the forearm. Location 1 is used for the actuation for the amplitude threshold 
experiment. The direction of wave propagation from the forearm towards wrist and back. (B) 
Bursts of stimulation are given to the user during one of the two durations randomly. The varia-
tion in stimulation magnitude is according to UDTR method and the response from users. (C) 
Results for mean amplitude threshold for seven subjects over the actuation frequency range of 
10 Hz to 100 Hz, with actuation at location 1 and with the PZT sensor. The average threshold 
force, 0.08N for 10-40 Hz is higher than the average stimulation threshold, 0.07N at 60-100 Hz 
range, suggesting two different mechano-receptor types (RA-I and RA-II) being stimulated. Input 
pressure increases with the increase in frequency due to limited bandwidth (D) Results for mean 
travel delay threshold for seven subjects over 10 Hz, 30 Hz and 70 Hz with 110ms, 100 ms and 
100 ms average time-delay, respectively. 

5.1.3 Discussion 

In the first user experiment, as expected, we obtained lower thresholds at low frequencies as the 
non-Pacinian corpuscles are more sensitive [44], [236]. As the Pacinian corpuscles are located 
deep in the skin (Figure 4:6A), at higher frequencies it is easier for the waves to penetrate the skin 
and thresholds are lower. In addition, these corpuscles located deeper in the skin make detection 
of vibrations easier; however, perception of location is lowered. On the contrary the Meissner 
corpuscles are located just below the skin epidermis area; these corpuscles are responsible for 
detecting vibration in the lower range (10-40 Hz) and have a higher threshold for detection of 
vibration as suggested in the preliminary user studies (Table 5:1). At the same time, these cor-
puscles have better localization capacity as they are closer to the skin. This indicates using SPA-
skin array in the 10-40 Hz range for information rich directional cues and the 60-100 Hz range 
for low information alerting messages where high sensitivity is desired. In the second experiment, 
the travelling delay threshold had minimum dependence on the actuation frequency and was 
observed to be constant around 100 ms throughout the user study. Changes in the frequency do 
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not have a prominent effect on the travelling wave delay, mainly due to the inter-taxel distance 
being already around the two-point threshold. However, as we rely on higher actuation pressure 
for the same output force at higher frequency, it would be beneficial to use the 10-40 Hz actua-
tion range for the travelling waves. 

Table 5:1 Average stimulation threshold values and suggested tactile applications based on the 
mechano-receptors being stimulated at the specific frequency. 

As the number of subjects are limited in the above studies, it lacks statistical significance. How-
ever, the user studies give promising insights that help formulate reliable tactile cues that will 
enable improved information transfer between the wearer and device, warranting a more rigor-
ous study involving multiple subjects to derive statistically significant and robust conclusions. In 
the future, we expect to use the parameter values collected from these experiments to design an 
optimal communication protocol between a human and a wearable robotic platform through 
tactile perception. We envisage the SPA-skin array as a ‘plug-and-play device for various multi-
modal information devices to increase immersion and information transfer between subject and 
media device (Figure 4:17A). Information-theoretic analysis about tactile cues per second that 
can be transferred through the human skin would yield insights into maximum or optimal band-
width of human tactile perception from the perspective of digital information transfer. Yet an-
other limitation of this approach is that it depends on the participant’s detection, which is known 
to be biased. A more robust approach requires comparison of the stimuli features, for which, we 
developed next generation of tactile feedback device using SPA-skin that is fMRI compliant as 
discussed in section 5.3.  

 

 

 

 

 

Mechanore-
ceptor type 

Frequency 
range [Hz] 

Experiment 1, 
Force thresh-
old [N] 

Experiment 2, 
travelling 
wave delay 
[ms] 

Spatial res-
olution 
sensitivity 

Suggested 
tactile applica-
tion 

RA-I & SA-I 

(Meissner cor-
puscles & Mer-
kel cells) 

10-40 0.065-0.09 ~100 High Directional, in-
formation rich 
cues 

RA-II 

(Pacinian cor-
puscles) 

60 – 100 0.06-0.07 100 Low Alert mes-
sages, quick 
notifications 
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5.2 Effect of stochastic resonance on wrist proprioception gener-
ated using SPA-skin  

The research findings support7 that stochastic stimulation has a positive effect on balance, move-
ment, and the sensation of touch. However, it remains unclear to what extent sub-threshold sto-
chastic tactile stimulation can influence the position sense of the upper extremities. 

In this study, we investigated the effect of sub-threshold stochastic tactile stimulation on wrist 
position sense. While previous studies on stochastic stimulation mostly focused on a motor re-
sponse of the sensory-motor system, we aimed to examine how proprioception itself is affected 
when stochastic stimulation is applied. As proprioception deteriorates with age (Adamo et al., 
2007; Wright et al., 2011; Rinderknecht et al., 2017), it was hypothesized that elderly adults esti-
mate their wrist’s position less accurately than young adults. Furthermore, it was hypothesized 
that sub-threshold stochastic tactile stimulation applied at the wrist joint reduces the errors made 
when estimating the wrist’s position in elderly adults. The same effect was expected to be minus-
cule in young adults. 

5.2.1 Stimulation characteristics: 

To influence position sense, the stochastic stimulation employed in this study ought to replicate 
noise in the frequency band of muscle spindle activity. In the muscle spindle, type Ia (primary or 
dynamic) afferent fibers convey the rate of change of muscle length and, therefore movement. 
Type Ia fibers respond well to stimulation in the frequency band from 80 to 100Hz (maximum 
150Hz)[237]. Additionally, type II (secondary or static) afferent fibers encode muscle length and, 
therefore joint position. Type II fibers respond well to stimulation in the frequency band from 10 
to 30Hz )[237] maximum 60Hz. In this study, the frequency band for the stochastic stimulation 
was set to range from 20 to 120Hz. Currently, the available feedback solutions are rigid and have 
limited control operational frequencies for the requirement of the experiments on stochastic res-
onance as well as lack a localized controlled feedback. The SPA-skin technology proves to be the 
well suited device variable frequency vibration and distribution of vibration locations over human 
body.  

In the healthy human body, most physiological patterns such as breathing or heart rates show 
colored noise characteristics [238] i.e., in those signals, the amplitudes of lower frequency com-
ponents are typically greater than those of higher frequency components. Colored noise is con-
sidered to be superior to white noise for enhancing signal detectability[239]. In this study, a col-
ored noise spectrum was selected for the stochastic stimulation to predominantly influence type 
II fibers and therefore joint position sense. 

To evoke stochastic resonance effects, the stimulation amplitude should be between 60 and 90% 
of the participants’ stimulus detection threshold. In this study, the stimulus detection thresholds 
were assessed experimentally using the method of ascending and descending limits [240]. Before 
each experimental session, thresholds were assessed for the ventral and dorsal sides of the fore-
arm separately. The stimulation was then set to 80% of each threshold. To avoid an imbalance of 
                                                                 

[160] A.-M. Georgarakis et al., “Age-Dependent Asymmetry of Wrist Position Sense Is Not Influenced by Stochastic Tactile 
Stimulation,” Front. Hum. Neurosci., vol. 14, p. 65, Mar. 2020, doi: 10.3929/ethz-b-000409272  
 
My contributions to this work is a new design optimization and prototyping of SPA-skin for wrist region, actuator design 
optimization for higher bandwidth and uniform inflation region, material characterization, FEA simulation of the actuator 
performance, dynamic system characterization, and actuation control methods for stochastic resonance protocols.  
The first author formulated the hypothesis of stochastic resonance affecting the proprioception capabilities, the experi-
mental protocol, subject studies, and conducted the pilot and extended subject studies at SMS Lab, ETHZ 
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agonist-antagonistic spindle signals, which may bias movement or position sense, agonistic and 
antagonistic joint sides were always stimulated simultaneously [241]. The presence of PZT sensing 
layer along with pressure regulation ensured for measuring of the sub-threshold stochastic tactile 
stimulations. The design of SPA-skin was driven by these pink noise sub-threshold vibration re-
quirements and then by the wrist anatomy. We tested different shapes and sizes of SPAs as dis-
cussed in Chapter 2 using both FEA simulation and experimental measurements to select the ring 
shaped actuator as seen in Figure 5:3. That has improved bandwidth and uniform inflation profile 
important to cater the sub threshold actuation over the flexion and extension muscle spindles of 
wrist without activating the sensory neurons [159]. 

 

 
Figure 5:3 SPA design for stochastic resonance feedback. SPA prototype design with 10 mm actuator 
diameter and 2 mm inlet (A). Schematic of SPA interface as a plug-n-play device to an existing robotic 
platform developed to experimentally verify effect of stochastic resonance on proprioception (B). Actuator 
design simulation  modeled using experimental soft material properties design (C). The improvised actuator 
has uniform inflation all over the actuation surface as required by the design (shown by red color) with up 
to 100 Hz of actuation fidelity. 

5.2.2 Study setup and Results: 
Fifteen young (24.5±1.5y) and 23 elderly (71.7±7.3y) unimpaired, right-handed adults completed 
a wrist position gauge-matching experiment. In each trial, the participant's concealed wrist was 
moved to a target position between 10 and 30° of wrist flexion or extension by a robotic manip-
ulandum. The participant then estimated the wrist's position on a virtual gauge. During half of 
the trials, sub-threshold stochastic tactile stimulation was applied to the wrist muscle tendon 
areas. Stochastic stimulation did not significantly influence wrist position sense. In the elderly 
group, estimation errors decreased non-significantly when stimulation was applied compared to 
the trials without stimulation [mean constant error reduction Δμ(θofcon)=0.8° in flexion and 
Δμ(θoecon)=0.7° in extension direction, p = 0.95]. This effect was less pronounced in the young 
group [Δμ(θycon)=0.2° in flexion and in extension direction, p = 0.99]. These improvements did not 
yield a relevant effect size (Cohen's d < 0.1). Estimation errors increased with target angle mag-
nitude in both movement directions.  

In young participants, estimation errors were non-symmetric, with estimations in flexion 
[μ(θyfcon)=1.8°, σ(θyfcon)=7.0°] being significantly more accurate than in extension [μ(θyecon)=8.3°, 
σ(θyecon)=9.3°, p < 0.01]. This asymmetry was not present in the elderly group, where estimations 
in flexion [μ(θofcon)=7.5°, σ(θofcon)=9.8°] were similar to extension [μ(θoecon)=7.7°, σ(θoecon)=9.3°]. 
Hence, young and elderly participants performed equally in extension direction, whereas wrist 
position sense in flexion direction deteriorated with age (p < 0.01). Though unimpaired elderly 
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adults did not benefit from stochastic stimulation, it cannot be deduced that individuals with 
more severe impairments of their sensory system do not profit from this treatment. While the 
errors in estimating wrist position are symmetric in flexion and extension in elderly adults, young 
adults are more accurate when estimating wrist flexion, an effect that has not been described 
before. 
 

5.3 fMRI analysis of vibrotactile stimulation using SPA-skin  

5.3.1 Introduction 
The primary somatosensory cortex8 contains a detailed map of our whole body, such that there 
is a point-to-point correspondence between a specific body part and a patch of S1 cortex. Using 
fMRI during tactile stimulation to or movement of different body parts, it has already been pos-
sible to detail the Somatotopic layout of S1 in detail. However, the exact somatotopy of the hu-
man S1 facial representation remains debated. Progress has mainly be hampered by the meth-
odological challenge of how to apply automated vibrotactile stimuli to face areas in a manner 
that is (i) reliable despite different curvature depending on the face location; and (ii) MRI-safe 
and artefact-free when applied in the head-coil. 

Here we overcame this challenge by using soft pneumatic actuator (SPA) technology [243] that, 
unlike common vibrotactile elements, does not contain metals or electrical circuits and also pro-
vides excellent control over actuation frequencies. This set-up allowed us to administer supra-
threshold vibratory stimulation with a chosen amplitude and frequency independently to differ-
ent skin sites. SPAs are made of a soft silicon material (Dragon Skin 30®, Smooth On Inc., USA) 
and be in- or deflated by means of airflow. SPAs have a small (1.4cm) diameter and are flexible 
in structure, enabling a good skin contact even on curved body surfaces (as on the face). They 
are safe to place in the head-coil of the MRI and do not induce artefacts.  

In the current study, we aimed to provide a methodological advance by providing automated 
tactile vibration stimulation inside the head coil of the MRI scanner. As a sanity check, we first 
mapped the well-characterized finger layout in S1 using this novel device. Using this novel tech-
nology, we ultimately aimed to characterize the topographic face layout in S1. Based on these 
advances, we in parallel also use the fMRI imaging to validate effectiveness of different stimula-
tions generated by SPA-skin interface. We device a set of experiments to check if different stim-
ulation modes such as location specificity, amplitude change and frequency has a measurable 
impact on human brain activity. This will not only qualitatively but quantitatively be able to vali-
date the interaction capacities of tactile feedback interfaces.  

                                                                 

The material presented in this section 5.3.2 is adopted from the following self-authored publications and carried in on-
going collaboration with Dr. Sanne Kikkert and Prof. Nici Wanderoth at NCM Lab, ETHZ. 
[242] Kikkert, S., Sonar, H. A. , Freund, P., Paik, J., & Wenderoth, N., “Hand face somatotopy shown by MRI-safe vibrotactile 
stimulation with new soft pneumatic actuators”, In annual meetings, The Org. for Human Brain Mapping (OHBM) , 2020. 
 
I have designed, developed and deployed the soft tactile platform with portable soft pneumatic controller to interface 
with fMRI systems. I co-developed the design of experiments for human in loop validation of SPA-skin device, specific 
firmware to integrate fMRI scripts in Matlab.  Dr. Sanne Kikkert conducted the corresponding fMRI tests with subjects, 
design for fMRI side of study protocol, preconditioning and post processing of the imaging data, generation of the fig-
ures and graphs.  
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5.3.2 Pilot Study 1: Somatotopic layout for Hand and Face  

Materials and Methods  

Supra-threshold tactile stimulation was applied to the hand or face of healthy participants using an in-
house build MRI-compatible pneumatic device that was able to independently vibrate SPAs. Intensive 
pilot experiment revealed that stimulating for 8 seconds at a time, alternating between 8 and 10Hz stim-
ulation frequencies every 2 seconds minimizes peripheral adaptation. To ensure stable attention, we in-
cluded ‘silent periods’ in a small subset of the stimulation trials and asked the participant to count the 
number of silent periods within each run. 

 

 

Figure 5:4: Experimental placement map for SPAs (stimulators) on face, a dummy SPA for noise 
control on the thumb. fMRI mock-unit to validate SPA-skin setup function before actual testing 
and face mask used for improved mechanical grounding on the face. (Credits: Sanne Kikkert, 
ETHZ) 

As a first application and validation of this novel device, we used 3T functional MRI (2.5mm3 
resolution) to assess brain activity while automated tactile stimulation was applied to participants’ 
individual fingers of the left hand in a blocked design fashion. Secondly, we aimed to assess the 
S1 face representation in detail by applying tactile stimulation to the forehead, upper lip, chin, or 
thumb in a blocked design fashion. We quantified somatotopic representational patterns using 
representation similarity analysis. To uncover face area representational selectivity, we further 
employed a traveling wave paradigm.  

Results  

We found a typical somatotopic pattern of participants’ fingers, similar to what has been reported 
previously. Our preliminary data further show that the thumb representation neighbors the fore-
head representation in S1. Within the face representation, we found that the lip representation is 
most distant from the forehead representation, with the chin represented in between. Together 
with our results show that, by providing vibrotactile stimulation using the SPA technology, we are 
able to reveal clear somatotopic representational patterns 
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Figure 5:5 Finger and face RSA representations combined for 8 subjects (A, B) This is well known in the 
literature, and we can therefore use this result as qualitative + quantitative methods validation. The thumb 
is represented lowest in the brain, going up in the brain (in order) you should see the index, middle, ring, 
and little finger. Ipsilateral hemisphere is used as a control against the constrlateral hemisphere’s represen-
tation. (C) Face representational map for three different locations on face. The thumb is known and reliable 
in location and can be used as a reference point. RSA is to investigate the face representations. (As far as 
we are aware, we are the first to look at the face representation in this way) 
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5.3.3 Pilot Study 2: Somatotopic layout for variation in Location, Amplitude and 
Frequency 

Background 

In this experiment9, we want to test and validate the performance of SPA-skin using the brain 
activity generated inside the brain. This will allow replacing the standard subjective questionnaire 
about the performance of SPA-skin with measured brain activity. 

In usual application scenarios, we use SPA-skin for vibratory feedback on the face, back of the 
neck, on the forearm (front and back), and fingers (thumb, middle) application. This experiment 
with successful information would enable us to decode the reparability of brain stimulation for 
variation in locations, frequency and strength of actuation. The main objective of the experiment 
is to observe respected brain activity corresponding to the stimulation pattern and user selected 
output. It is possible that the subject feels the change in frequency, which he/she will record on 
the device; however, we may not be able to see the subtle changes in brain activity. In addition, 
when give subthreshold stimulation the subject may not be able to feel these stimulation but 
there may be brain activity recorded corresponding to the stimulations. 

Expected test values for the control parameters: 

 

 

 

Materials and methods 

fMRI experimental setup: We placed in-house printed 3D plates on top of the SPAs and at-
tached the SPAs to the skin of different body parts using adhesive tape. Participants viewed a 
visual display through a mirror mounted on the head coil. Instructions and stimulations were de-
livered using Psychtoolbox (v3) implemented in Matlab (v2014). Matlab communicated with the 
Arduino implemented in the SPA set-up via a parallel port. Head motion was minimized using 
over-ear MRI-safe headphones or padded cushions. 

                                                                 

The material presented in Section 5.3.3 is based on researched carried on and part of an ongoing collaboration with Dr. 
Sanne Kikkert and Prof. Nici Wanderoth at NCM Lab, ETHZ , and Dr. Raffaele Tucciarelli and Prof. Tamar Makin at Plas-
ticity Lab, UCL.  
Dr. Sanne Kikkert and Dr. Raffaele Tucciarelli conducted the fMRI tests with subjects, design of fMRI protocol, precondi-
tioning and post processing of the imaging data, generation of the figures and graphs individually for experiment 1 and 
2, and experiment 1 and 3, respectively. The user study protocol development, design of experiment and scripts for the 
post-processing of the data have been co-developed and shared with Dr. Sanne and Dr. Raffaele to achieve uniformity 
in the experimental results and data representation.  
 

Control Parameters Test values (tentative) Range Remarks 
Locations Face, neck, forearm, fin-

gers 
8 channels 2sec. stimula-

tion/location 
Frequency 5 Hz, 15 Hz, 30 Hz 35 Hz  
Amplitude Low and High 20-120 kPa Supra threshold 

Muscle stimulation With and without 
squeezing a soft-object 

Passive and Active  
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Participants viewed a fixation cross on the screen. A change in fixation cross colour indicated a 
change in conditions: a white fixation cross indicated a rest condition, a red fixation cross indi-
cated that stimulation would start in 0.8s, and a green fixation cross indicated an 8s stimulation 
trial. Stimulation was provided for 8s in 800ms bursts of stimulation on periods followed by a 
400ms stimulation off periods to minimize peripheral adaptation. To ensure stable attention dur-
ing the fMRI runs, 1s silent gaps were introduced into the middle of a small percentage of stim-
ulation trials. Immediately following each run, the experimenter asked the participant to verbally 
report how many silent trials had appeared and provided feedback on the reported number. 

Since a stronger sensation is expected to lead to a stronger BOLD response, we matched the 
sensation intensity across stimulation locations based on participant’s self-report. A stimulation 
intensity matching task was carried out prior to the fMRI runs separately for the low stimulation 
intensity and the high stimulation intensity. First, participants were asked to set the optimal stim-
ulation intensity for a reference location by means of button press responses. Participants were 
instructed that an optimal high amplitude stimulation would be as strong as possible while re-
maining focal (i.e. no spread to skin locations not directly underneath the stimulator) over the full 
8s stimulation period. Participants were instructed that an optimal low amplitude stimulation 
would be as low as possible but should still be felt reliably for the full 8s stimulation period. The 
stimulation intensity was limited to not be below 20% duty cycle. Once the optimal stimulation 
intensity was chosen for the reference location, participants were asked to match the stimulation 
intensity for the other stimulation locations to this reference location. To enable this matching, 
participants were given an 8s stimulation trial for the reference location, immediately followed by 
a stimulation trial of one of the other stimulation locations.  

Experiment 1, spatial layout: This experiment is aimed at exploring the spatial layout of body 
part representations using SPA technology. It was further aimed at exploring activity levels of low 
versus high amplitude stimulation. Participants’ written informed consent was obtained prior to 
study onset. Ethical approval was granted by the Kantonale Ethikkommission Zürich (EK-2018-
00937). We tested 4 healthy right-handed participants (2 females). SPAs were attached to the left 
back side of the neck, glabrous side of the left lower arm, hairy side of the left lower arm, the tip 
of the left thumb, and the tip of the left ring finger. Sensation intensity matching was done at 
15Hz stimulation separately for low sensitive body sites (reference = neck, to be matched body 
part = glabrous lower arm) and high sensitive body sites (reference = hairy lower arm, to be 
matched body parts = thumb and ring finger. 

During the main experiment, participants underwent 5Hz, 15Hz, and 30Hz high amplitude stim-
ulation trials for each body site, as well as 15Hz low amplitude stimulation trials. These 20 condi-
tions were repeated twice per run along with 8 rest conditions and presented in a randomized 
order. The order of conditions was different for each of the 8 runs. 

Experiment 2, amplitude and frequency Layout: A similar experiment is setup for the validation 
of low vs high amplitude stimulation effect on S1 brain activity as well as to explore possible 
representational differences of changes in frequency. This experiment has been conducted in 
UCL. 

We tested 4 healthy subjects (2 left-handed), here SPAs were attached in similar fashion as ex-
periment 1 and the participants underwent with 15 Hz high amplitude and low amplitude stimu-
lation trials as well as 5 Hz, 15 Hz and 30 Hz stimulation trials for finger locations. Here we reduced 
the frequency parameters to be able to increase total number of reputations at given amplitude. 
Similary, we reduce the locations to ensure we get good number of samples from finger location 
for variation in frequencies. As this has not been done before, finger is selected for know expected 
layout as well as higher stimulation due to large number of sensory neurons in this region. 
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Results: 

Experiment 1: Figure 5:6 shows a clear distinction of different actuation locations, as not all the 
locations are as sensitive as human fingers or face, we observe relatively low and scattered activity 
across the S1 region. However, we validate the stimulation being felt by users over different fre-
quencies at different locations as shown by Figure 5:6.  

 

Figure 5:6 Spatial layout of somatosensory body map representations obtained using the stimulations 
given by SPA-technology Brain image map depicts active regions for Z-score > 2.3 

 

 

Figure 5:7 Low amplitude vs High amplitude correlation for thumb region (blue) and all 6 locations (red). 
A strong correlation is obtained for brain , suggesting the brain has distinctively different activities for low 
and high amplitude stimulation.  

Experiment 2: Similar, to observations in Figure 5:7, Experiment 1, Figure 5:8 confirms different 
brain regions being activated for changes in SPA actuation frequency. 

 

Figure 5:8 Low amplitude actuation vs high amplitude actuation activity in the brain with 4 subjects for 
thumb region (Z-score >3.5). High amplitude is contrasted with orange color for low amplitude in the back-
ground and Low amplitude is contrasted with blue color for high amplitude in background. 
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Differentiation of Frequency. In this experiment, we selected the finger as it is one of the most 
sensative region in somato-sensory maps and also there is a known possible region to obtain the 
stimulation location in S1 map. A classification model is trained for discriminating between the 
three frequencies 5 Hz, 15 Hz and 30 Hz seperately for expected region of interest (ROI) to have 
stimulation from actuation at finger (SI region) and then for control ROI (EVC region). Ideally, if 
there lies a differentiation features embedded in these brain stimuli, we shall be able to receive 
> 1/3 accuracy with our training dataset for SI region and <1/3 or ~1/3 accuracy of prediction 
due to lack of stimulation or randomness chance of prediction out of 3 choices in EVC or control 
ROI. Figure 5:9A shows the pleasant potential of embedded information in the SI region of brain 
for changes in frequency. Nevertheless, we are also confirmed to have brain activity for all the 
three stimulation for stimulated finger in all the subjects (Figure 5:9B) 

 

 

Figure 5:9 Frequency differentiation layout (A) Classification figure for information encoded in 
frequencies, (B) T-scores for S1 hand area for different stimulation frequencies for actution at 
Ringfinger/Thumb compared with the neck as control measurement 

fMRI data analysis 

Preprocessing and coregistration: Common preprocessing steps were applied to each individual 
fMRI run using FSL’s Expert Analysis Tool FEAT (version 6.0; https://fsl.fmrib.ox.ac.uk/fsl/fsl-
wiki/FEAT). The following preprocessing steps were included: motion correction using MCFLIRT 
[244], brain extraction using automated brain extraction tool BET [245], spatial smoothing using 
a 3mm full-width-at-half-maximum (FWHM) Gaussian kernel, and high-pass temporal filtering 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FEAT
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FEAT
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using a cut-off of 90s. Functional data were aligned to each participant’s T1-weighted image 
initially using FLIRT [246] and optimized using boundary based registration [247]. 

Univariate analysis: First-level parameter estimates were computed using a voxel-based general 
linear model (GLM) based on the gamma hemodynamic response function and its temporal de-
rivatives. Time-series statistical analysis was carried out using FILM (FMRIB's Improved Linear 
Model) with local autocorrelation correction. Contrasts were defined for each body part’s low or 
high amplitude stimulation (i.e. regardless of stimulation frequency) versus rest. We then used a 
fixed effects higher-level analysis to average across runs for each individual participant. Z-statistic 
images were thresholded using clusters determined by Z > 3.1 and p < .05 family-wise-error-
corrected cluster significance thresholding was applied. To visualise the activity maps of high 
amplitude stimulation, statistical parametric activity maps were projected onto cortical surface 
projections from each participant’s T1-weighted image. To compare the level of activity for low 
versus high amplitude stimulation, he percent signal change was extracted for each contrast for 
all voxels underlying an anatomically defined S1 hand ROI (as in [248]). 

 
Conclusions  

Providing somatosensory stimulation in an MRI environment is challenging. Our setup is flexible, 
easy-to-implement, precise, portable, fast, and offers a cost-effective solution in comparison to 
commercially available devices that mostly induce artefacts and often require active shielding or 
hardware modifications. We could confirm an overall classical somatotopic layout of the body in 
S1 region using SPA technology: The body regions where SPAs are placed and stimulated match 
the expected somatotopic layout.  

Our exploratory analysis suggested that for 3 out of 4 subjects were able to distinguish between 
the high and low amplitude stimulation applied via SPA technology, which effectively showed 
high activation level in the S1 region. To further zoom in on this effect we explored activity in the 
S1 hand area during thumb stimulation. We found significantly stronger activity during high am-
plitude thumb stimulation compared to low amplitude thumb stimulation. Our exploratory clas-
sification analysis further suggests differential patterns of activity during 5, 15, and 30 Hz stimu-
lation applied using our SPA technology.  
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 Conclusion 
6.1 Achieved results 
In this thesis, my goal was to an immersive interactive soft virtual-tactile environment through 
hardware and software development considering wearability, portability, easy customization, and 
modularity properties. The main challenges for such an immersive tactile environment develop-
ment lie in solving the safety and compliance requirements for pHRI, achieving seamless interac-
tivity through a control environment across the modes for immersion, and closing the tactile 
feedback loop with humans. 

Towards achieving this goal, our first research objective was to develop novel soft technologies, 
including soft sensors, soft actuators that utilize the capabilities of safety, compliance and simpler 
control through unconventional system design, prototyping techniques, and control method de-
velopment approaches. Our second research objective was to develop a comprehensive control 
environment to have a seamless and coherent tactile information transfer and developing an 
experimental protocol for validating the tactile feedback through human interaction. We propose 
a two-component system to achieve multi-experience tactile feedback and for the first time, hu-
man-in-loop ‘physical’ validation of user actions. Followed by this the final aim was to develop a 
versatile plug-n-play interface that can be tuned for application specific requirements and use it 
to study human proprioceptive and somatosensory thresholds for an improved immersive inter-
action. 

During my PhD studies, I developed and studied the following key core contributions: 

1. Design of a novel soft pneumatic actuator skin with integrated sensing for dynamic and 
wearable feedback 
 

2. A material characterization based FEA design tool for SPA Modeling and feedback con-
trolled tactile actuation 
 

3. A comprehensive design method for wearable tactile feedback using SPA-skin: from se-
lection of material, actuator geometry, to pneumatic power supply components for an 
optimized system  
 

4. Human-in-loop study of diverse vibrotactile feedback and protocol development to ob-
tain key parameters for somatosensory thresholds  

In this section, we attempt to tie back the contributions from my thesis to the research vision and 
questions for developing the wearable interfaces for human-robot interaction: 

How can we match the mechanical compliance of a robotic device with human body for 
wearable and dynamic feedback?  

For an effective wearable technology, we require an accurate understanding of the physical in-
teractions between the device and the wearer’s perception. We engineered a closed-loop control 
of an entirely soft wearable haptic platform over a wide range of vibrotactile feedback. We pro-
totyped a soft monolithic sensor integrated SPA with embedded sensing and actuation capabili-
ties, and with soft sensors that have no mechanical loading impact on the actuator. In addition, 
the SPA-skin produced forces up to 1 N with controllability of 0.05 N, and actuation dynamics of 
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up to 100 Hz with controllability of 0.1 Hz; these are essential for providing a wide range of pro-
prioceptive feedback to the wearer. The system characterization of SPA-skin under continuous 
actuation and sensing showed robust and repeatable behavior over 1 million cycles thereby 
promising compatibility with “real life” wearable applications. We further demonstrated closed-
loop control capabilities of this SPA-skin system at 15 Hz sinusoidal vibration at 1 kHz control 
speed. The closed-loop controller, based on an analytical model of the system, uses the sensor 
resistance to control the average strain of the actuator and allows for generating uniform output 
force under different loading conditions. This allowed the wearer to feel consistent feedback in-
dependent of the wearing conditions. Furthermore, the bidirectional operations of the SPA-skin 
platform offer a wearable system that can not only be used for haptic feedback but also quanti-
fication of human proprioceptive capabilities for a range of frequencies.  

 

The comprehensive techniques for designing, modeling, and fabricating soft actuators were not 
yet in place. Accurately predicting the output blocked forces, as well as facilitating simulation-
based iterative design, is challenging with the traditional analytical modeling approach. We de-
veloped a finite element analysis-based modeling tool to investigate the SPA design as well as 
investigate additional distributed sensing to enable controlled feedback and mitigated the non-
linearity through intelligent control algorithms.  

The key findings during the development of soft technology and Modeling tools led to several 
research publications and contributed to the field by integrating SPA with soft sensors, the 
closed-loop control for high-fidelity tactile feedback generation using a soft wearable platform: 

[1] Sonar, H. A., & Paik, J., “SPA-skin with piezoelectric sensors for vibrotactile feedback”. Frontiers in 
Robotics and AI , 2(38), 2016. 

[2] Sonar, H. A., Gerratt, A. P., Lacour, S. P., & Paik, J., “Closed-loop haptic feedback control using a self-
sensing soft pneumatic actuator skin”. Soft robotics , 7(1), 22-29, 2020. 

[3] Sonar, H. A., Yuen, M. C. S., Kramer-Bottiglio, R., & Paik, J, “An any-resolution distributed pressure 
localization scheme using a capacitive soft sensor skin”, IEEE Int. Conference on Soft Robotics (Ro-
boSoft) ,pp. 170-175, 2018. 

[4] Sonar, H.A., Robertson, M., Joshi, S., Bhatnagar, T., & Jamie, P., “A Soft Portable Wearable Pneumatic 
Interactive Suit”, U.S. Appl. No. 62/514,234 . (filed Jun. 2, 2017) 

[5] Moseley, P., Florez, J. M., Sonar, H. A., Agarwal, G., Curtin, W., & Paik, J., “Modeling, design, and devel-
opment of soft pneumatic actuators with finite element method”. Advanced engineering materials, 
18(6), 978-988, 2016. 

[6] Agarwal, G., Robertson, M. A., Sonar, H. A., & Paik, J., “Design and computational modeling of a mod-
ular, compliant robotic assembly for human lumbar unit and spinal cord assistance”. Nature Scientific 
reports , 7(1), 1-11, 2017. 

 

How do we ‘model’ for a multimodal system that has multiple physical parameters? 

For an ideal human-robot interaction, the physical experience need not be limited to a single 
stimulation. This in addition to a wearability requires a dynamic interface that allows for intuitive 
information transfer between user environment and virtual environment using visual, aural, hap-
tic, or even olfactory feedback to enable an immersive experience. We achieved this using a con-
trol environment designed to act on two levels, High-level augment multi-modal control and 
Low-level closed loop feedback control for the physical interface.  
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For the low-level side of control algorithms, we systematically  modeled the PZT, soft liquid metal, 
and capacitive foam based sensors and developed corresponding signal conditioning algo-
rithmsto have seamless integration and information transfer to high-level controller. FEA based 
tools were developed to optimize and preselect SPA-design with possibility feed forward control.  

Finally, the multi-modal nature of the feeling of touch itself needs to be explored for the gener-
ation of a realistic and rich sensation through understanding the possible ways to recreate the 
haptic sensations like texture, size, and shape of an object. We integrated physical model for 
texture and size of object like orange using texture recording based on onboard sensing of SPA-
skin and validated the texture generation with SPA actuation alongwith the size exploration prop-
erty overlapped  

The key findings during the development of a comprehensive control environment led to several 
research publications and contributed to the field by integrating the closed-loop control of high-
fidelity soft systems and multi-modal tactile feedback generation using a soft wearable platform: 

[1] Sonar, H. A. , & Paik, J., “SPA-skin with piezoelectric sensors for vibrotactile feedback”. Frontiers in 
Robotics and AI , 2(38), 2016. 

[2] Sonar, H. A. , Gerratt, A. P., Lacour, S. P., & Paik, J., “Closed-loop haptic feedback control using a self-
sensing soft pneumatic actuator skin”. Soft robotics , 7(1), 22-29, 2020. 

[3] Sonar, H. A. , Huang, J.L. & Paik, J., ”Soft Touch using SPA–Skin as a Wearable Haptic Feedback Device”. 
Advanced Intelligent Systems , p. 2000168, 2021. 

[4] Huang, J.-L., Zhakypov, Z., Sonar, H. A. , & Paik, J., “A Reconfigurable Interactive Interface for Control-
ling Robotic Origami in Virtual Environments”, The International Journal of Robotics Research (IJRR) , 
37(6), 2018. 

 

 

How can we close the tactile virtual reality loop with human feedback? 

For an effective wearable haptic feedback device, we require an accurate understanding of the 
physical interactions between the device and the wearer's perception. We proposed a two-com-
ponent system to achieve a multi-experience tactile feedback and for the first time, human-in-
loop ‘physical’ validation of user actions, closing the haptic feedback loop. We use SPA-skin for 
its low profile form factor, high-bandwidth capabilities and integrated sensing as an active bidi-
rectional interface. Special design measured in PZT sensor signal conditioning like high sensitivity 
instrumentation amplifiers with noise filtering using coaxial cables and line noise notch-filters 
allow for on body placement and accurate measurements. We then designed and validated a 
haptic system in which the delivery of tactile feedback and spatial accuracy was quantitatively 
studied for bi-directional human-in-the-loop system. The tactile feedback loop was closed with 
human actions and was quantitatively validated for the level of immersion and quality of tactile 
feedback.  

Similarly, we not only need to qualitatively measure the effectiveness of tactile feedback given to 
the body with user feedback, but the methods like fMRI imaging allow us to record a respective 
tactile stimulation in the sensory-motor cortex area of the brain and then use this information to 
tune the feedback modes. We develop a plug-n-play platform to integrate with existing fMRI 
device and obtain for the first time the hand and face representations for brain activities using 
SPA-skin. . We could confirm an overall classical somatotopic layout of the body in S1 region 
using SPA technology: The body regions where SPAs are placed and stimulated matches the 
expected somatotopic layout.  
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Our exploratory analysis suggested that for 3 out of 4 subjects were able to distinguish between 
the high and low amplitude stimulation applied via SPA technology, which effectively showed 
high activation level in the S1 region. To further zoom in on this effect we explored activity in the 
S1 hand area during thumb stimulation (the most sensitive body part tested, and also according 
to our participant subjective responses). We found significantly stronger activity during high am-
plitude thumb stimulation compared to low amplitude thumb stimulation. Our exploratory clas-
sification analysis further suggests differential patterns of activity during 5, 15, and 30 Hz stimu-
lation applied using our SPA technology.( This doesn’t allow to say something about the under-
lying physiology, it just tells us there is a difference in activity that could be based on spatial 
difference, activity levels etc. 

The modular, adaptive and highly configurable nature of the soft actuator skin interface helped 
to extend the capabilities through it’s augmented feedback while closing the tactile feedback 
loop with humans. The research led for following scientific contributions to the field: 

[1] Sonar, H. A. , Huang, J.L. & Paik, J., ”Soft Touch using SPA–Skin as a Wearable Haptic Feedback Device”. 
Advanced Intelligent Systems , p. 2000168, 2021. 

[2] Georgarakis, A. M., Sonar, H. A. , Rinderknecht, et al.,“Age-dependent asymmetry of wrist position 
sense Is not influenced by stochastic tactile stimulation”, Frontiers in human neuroscience , 14, 65, 
2020. (Best PhD Paper Award, NCCR Robotics) 

[3] Kikkert, S., Sonar, H. A. , Freund, P., Paik, J., & Wenderoth, N., “Hand face somatotopy shown by MRI-
safe vibrotactile stimulation with new soft pneumatic actuators”, In annual meetings, The Organization 
for Human Brain Mapping (OHBM) , 2020 

 

 

6.2 Future development 
The future of robotics is soft, interactive and virtual. As the technology progressed and computing 
become ubiquitous so will the machines that we interact with in day to day life. The recent impact 
of COVID-19 pandemic have shown our reliance on virtual ways of living which, gives insights 
about need for such interactive interfaces spanning from assistive technologies, entertainment 
to at home rehabilitation scenario. I believe the foundational platforms I developed in terms of 
wearable hardware, software tools and control algorithm will fuel the upcoming progress in the 
field of wearable haptics in these directions  

Specific future developments to the next generation of SPA-skin can be integration of sensing 
based on machine learning algorithms together with SPA actuation. The soft capacitive sensor 
skin we developed, has capacitance change in positive direction upon interaction and it will have 
a negative change upon inflation due to SPA-layers integrated in the foam structure. This will 
potentially enable a low cost and easy to manufacture solution for controlled vibratory actuation 
over a large surface area. Furthermore the sensing region is not only limited or coupled with the 
actuators anymore and can be used in double shift when actuators are inactive. Such interfaces 
would be ideally suited for the applications covering large surfaces like vehicle dash boards for 
an interactive tactile display being emerging based on the mode/application being used. Another 
addition, will be having multiple SPA-designs like bubble and ring actuator encircling each other 
to have a wider and more reliable feedback, it is also possible to have a two tone vibration similar 
to the one used in SPA-texture generation. The low frequency actuation can be delivered better 
by the bubble shaped SPA whereas high frequencies are better reproduced by the 

In an effort to move towards, more portable solution, we have tried to incorporate a monolithic 
valve design using 3D printed AM based manufacturing techniques. Currently, we are still limited 
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by the off the shelf coil used to drive the PM. However, the 3 generation of rapid development 
within last 12 months showed a promising progress to have a fully integrated compliant valve 
mechanism that will be able to drive from wearable SPAs to other pneumatic flow control devices 
like insulin pumps, sleep apnea devices or portable massagers etc. One of the biggest advantages 
of such valves is the resin based monolithic nature that is completely airtight and is free from 
sealing components or moving mechanical assembly parts needed to be machined making them 
costly and bulky, not ideally suitable for wearable scenario. 

Similarly, we used soft interactive interfaces to measure human somatosensory thresholds as well 
as measure of maximum information transfer rates or distances on locations like human fingers 
and forearm. Also, demonstrated multimodal texture and shape generation using SPA technol-
ogy. There is plenty of room for further studies of multimodal perception with wearable soft 
haptic devices due to the customizability of both material properties and control frequencies. 
These preliminary studies open up discussion for the next generation of haptic feedback devices, 
which are not only mechanically transparent for human wearability but also provide ranges of 
tactile sensations inherent to the object and perceived by the human sense of touch. 
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